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ABSTRACT 


This  report  describes  Che  results  and  Che  progress  we  have  made  in  the 
study  of:  (1)  Impurity- induced  layer  disordering  (IILD)  of  chin  layer  III-V 
heCerosCructures  and  its  application  Co  quantum  well  heterostrucCure  lasers, 
(2)  Che  fundamental  behavior  of  quantum  well  heCerosCructures  and  Che  applica¬ 
tion  of  IILn  to  laser  devices,  and  (3)  Che  continuous  (cw)  room  temperature 
(300  K)  laser  operation  of  Al^Ga^_^As-GaAs  quantum  well  heCerosCructures  grown 
on  Si . 
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I.  IHTRODOCTIOM 

During  the  course  of  this  project  tie  have  been  interested  in  the 
properties,  in  general,  of  III-V  semiconductor  quantum  well  heterostructures 
(QWHs).  Specifically,  we  have  been  interested  in  a  broader  range  of  QWH 
lasers  and  in  more  advanced  forma  of  QWH  lasers.  Besides  the  advantageous 
fundamental  properties  of  QHHs  (two-dimensional  properties),  the  ultra-thin 
layered  form  of  QWHs  offers  another  major  advantage:  Quantum-well  thin  layers 
can  be  selectively  intermixed,  by  impurity  induced  layer  disordering  (IILD), 
to  form  higher  gap  bulk  layers.  For  example,  simply  by  photolithography  and 
diffusion  processing,  we  can  render  a  large  uniform  Al^Gaj^_^As-GaAs  QWH  wafer 
into  single-stripe  or  multiple-stripe  buried  heterostructure  lasers  or, 
indeed,  into  arbitrary  patterns.  There  is  no  doubt  that  IILD  can  be  used  for 
a  wide  range  of  integrated  electronic-optoelectronic  structures,  most  of  which 
remain  to  be  developed.  Because  IILD  is  so  important  fundamentally  as  well  as 
practically,  and  is,  moreover,  peculiarly  suited  to  study  and  application  on 
QWH's,  we  have  expended  major  effort  on  the  combined  study  of  QWHs  and  IILD. 

As  this  project  has  developed,  we  have  published  or  given  meeting  reports 
on  all  substantial  results.  Since  we  have  decribed  all  of  the  work  of  prior 
years  in  earlier  reports,  specifically  detailed  journal  publications,  here  we 
merely  list  all  of  the  work  of  1988  (and  beyond)  as  references,  and  append 
titles  and  abstracts  of  1988  (and  1989)  journal  articles  in  order  to  supply 
more  detailed  information.  Note  that  some  of  this  work  has  received  also  some 
other  support,  e.g.,  MRL  (NSF)  analytical  support  and  ERG  (NSF)  support  on 
crystal  growth.  In  addition,  we  have  received  some  industrial  support  in  the 
form  of  special  crystals.  We  mention  that  indeed  much  of  our  work  has  been 
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carried  out  with  individuals  in  various  U.  S.  industrial  laboratories 

(Shichijo,  Texas  Instruments;  Epler,  Xerox;  Burnham,  Amoco;  Craford,  et  al., 
Hewlett-Packard;  Ludowise,  Hewlett-Packard,  Gavrilovic,  et  al . ,  Polaroid). 
Hence,  in  this  work  "technolgy  transfer"  has  been  built-in  automatically. 

II.  ACCOMPLISHMENTS 

The  reference  section  of  this  report,  by  way  of  paper  titles  and 
abstracts,  describes  the  progress  we  have  made  in  three  main  areas  of  work: 
(1)  impurity-induced  layer  disordering  (IILD) ,  (2)  study  of  quantum-well 

heterostructures  (QWHs)  and  their  application  to  laser  devices,  and  (3) 

continuous  (cw)  room  temperature  (300  K)  laser  operation  of  Al^Ga^^.j^s-GaAs 
QWHs  grown  on  Si. 

A.  Impurity-Induced  Layer  Disordering  (IILD) 

In  the  time  since  we  introduced  IILD  in  late  1980  and  first  reported  it 
in  1981,  interest  in  IILD  has  developed  world  wide,  and  a  considerable  journal 
literature  on  IILD  has  developed.  Besides  making  extensive  contributions  to 
the  study  of  IILD  (see  Refs.  1,  2,  3,  5,  7,  10,  11,  12,  17,  18,  22,  24,  27), 

we  have  prepared  an  extensive  review  of  IILD  and  its  use  (Ref.  18).  The  areas 

in  which  we  have  made  recent  contributions  to  IILD  are: 

(1)  We  have  studied  diffusion  and  disordering  mechanisms  and  have  established 
the  importance  of  the  Fermi-level  location  (Refs.  2,  7,  12,  17,  18,  24) 
in  IILD,  the  so-called  Fermi-level  effect. 


(2)  The  importance  in  IILD  of  the  crystal  surface  capping  (Si,  Si02i  Si^N^) 
and  the  control  of  the  thermal  anneal  ambient  (Column-Ill  or  Column-V 
rich  conditions)  has  been  elucidated  (Refs.  1,  7,  12,  17,  18,  22,  24, 
27). 

(3)  Other  means  of  layer  disordering  than  just  Che  use  of  Si  diffusion  or  Zn 
diffusion  (or  implantation)  have  been  studied,  e.g.,  Ge  diffusion  from 
Che  vapor  (Ref.  5)  and  combined  Si-oxygen  diffusion  (which  compensates 
Che  effect  of  the  Si  donor.  Ref.  27). 

(4)  By  examining  IILD  in  the  heCerosystem  In  (A1  Ga,  ),  P-In  Ga,  P-GaAs 

y  xAxiy  y^y 

(y  «•  O.S),  we  have  shown  that  IILD  proceeds  mainly  via  exchange  of  Column 
III  atoms  (Refs.  10,  17,  18). 

(3)  Ue  have  used  IILD  studies  to  develop  a  better  understanding  of  how 
impurity  diffusion  proceeds  in  GaAs  (Refs.  2,  12,  17,  18,  22). 

(6)  Because  atom  motion,  and  hence  defect  motion  (or  the  opposite),  is 

involved  in  IILD,  we  have  employed  IILD  for  dislocation  reduction  in  GaAs 
grown  on  Si  (Ref.  11),  as  well  as  to  disorder  Che  ordered  form  of  InGaAsP 

(Ref.  19),  GaAsP  (Ref.  19),  GalnP  (Ref.  21),  and  AlGalnP  (Ref.  21). 

B.  Quantum-Well  Heterostructure  (QWH)  Lasers 

An  important  aspect  of  IILD  is,  of  course,  that  it  has  application  in 
forming  buried  heCerosCrucCure  single-stripe  and  multiple-stripe  lasers.  In  a 
number  of  the  papers  we  have  published  dealing  with  Che  fundamental  properties 
of  IILD,  we  have  also  described  Che  use  of  IILD  to  fabricate  high  performance 
buried  heterostructure  lasers  (simply  by  crystal  processing  and  not  regrowth 
procedures).  Some  of  these  results  appear  in  Refs.  3,  5,  7,  18,  27. 
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As  part  of  our  Intersc  in  QtiTHs,  and  in  IILD,  we  have  broadened  our  work 
beyond  the  Al^Gaj^_^A8~GaA8  heterosystem,  including  to  the  short  wavelength 
system  Ing  5P~GaAs.  As  already  mentioned,  we  have  used 

lOg  jiAl^Gai^j^)©  sP-GaAs  for  IILD  studies  (e.g..  Ref.  10),  and,  even  more 
important,  to  demonstrate  short  wavelength  cw  300  K  QUH  lasers,  both  via 
photopumping  (Refs.  9,  20)  and  as  diodes  (X  <  6400  A,  Refs.  15  and  25).  With 
the  exception  of  Ing  5^^x^^l-x^0  there  are  not  many  heterosystems 

that  can  achieve  short  wavelength  laser  operation,  which  has  obvious 
importance.  Ing  s^^^x^^l-x^O  inherently  a  matched  system,  but 

we  know  (Ref.  25)  from  -30*C  laser  operation  (  ~  6350  A,  <  12  mW)  at  quantum 
efficiencies  h  <  30Z  that  this  Ill-V  system  can  eventually  replace  the  He-Ne 
laser  (and  probably  be  applied  much  more  broadly). 

As  a  final  part  of  our  study  of  stimulated  emisison  in  QWHs ,  we  have 
returned  to  the  problem  of  the  phonon-assisted  laser  operation  of  QWHs:  does 
it  or  doesn't  it  occur?  We  have  supplied  the  answer  (positive!)  to  this  ten 
year  old  question,  and  demonstrate  the  importance  of  high-Q  versus  low-Q  heat 
sinking  for  photonumping  of  QWH  samples  (Ref.  26). 

C.  Continuous  300  K  Quantum  Well  Lasers  on  Si 

Even  though  the  problem  of  growing  (constructing)  cw  300  K  Alj^Ga^.j^As- 
GaAs  lasers  on  Si  has  received  worldwide  attention,  including  in  many  leading 
U.S.  and  Japanese  laboratories,  to  the  best  of  our  knowledge  very  little  in 
improved  performance  has  been  achieved  beyond  the  cw  300  K  lasers  we  reported 
well  over  one  year  ago.  This  indicates  the  nature  of  the  mismatch  problems 
(lattice  and  thermal  coefficient  of  expansion)  and  the  over-estimation  in  many 
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quarters  of  how  quickly  major  problems  can  be  solved.  Although  in  the  past 
year  there  has  been  little  reported  of  improvements  in  lasers  on  Si,  actually 
quite  a  bit  has  been  learned  about  these  devices.  For  example,  we  have 
demonstrated  and  reported  at  the  1988  IEEE  Device  Research  Conference  (June, 
1988,  Boulder)  that  one  of  the  expected  advantages  of  constructing 
GaAs  QHH  lasers  on  Si  is  indeed  correct.  In  comparison  with  similar  lasers 

gro«m  on  GaAs  substrates,  the  QHH  lasers  on  Si,  when  heat  sunk  from  the 

substrate  side,  exhibit  better  heat  removal  (lower  thermal  resistance)  than 
the  case  of  similar  heat  removal  via  a  GaAs  substrate  (Ref.  14).  This  is 

important  if  semiconductor  lasers  are  ever  to  be  operated,  active-region  side 
mounted  upward,  in  array  configurations  where  individual  lasers  (with  other 
devices,  e.g.,  transistors  and  detectors)  are  addressable  and  thus  can  be  made 
part  of  some  form  of  integrated  structure  (optoelectronic  IC  or  electronic- 
photonic  IC).  As  limited  as  is  the  present  performance  (cv  300  K)  of 
Alx^*l-xAs-GaAs  QWH  lasers  grown  on  Si,  the  fact  that  Si  affords  a  better  heat 
sink  than  does  a  GaAs  substrate  is  ultimately  one  of  Che  more  important 

reasons  to  be  concerned  with  the  problem  of  GaAs-on-Si.  Also,  we  note  that 
our  Al^Gaj^^As-GaAs  QMH  lasers  grown  on  Si  are  much  longer  lived  than  the 
original  (1970)  cw  300  K  Al^Ga^_^As-GaA8  double  heterojunction  lasers.  This 
Coo  offers  some  reason  for  optimism  in  this  area  of  work. 

It  is  well  known  that  if  the  combination  of  GaAs  and  Al^Ga|_^As  layers 
grown  on  a  Si  substrate  exceeds  a  total  thickness  of  ..5  pn,  microcracks 

(e.g.,  <110>  cleave  lines  on  a  {100}  substrate)  develop  in  the  epitaxial 

material.  From  one  point  of  view  this  can  be  regarded  as  a  serious  problem, 
but  from  another  viewpoint  this  can  be  a  mechanism  for  strain  relief.  Because 


of  the  lettice  mismatch  between  GaAs  (or  Al^Ga^_^As)  and  Si,  at  Che  epitaxial 
layer  growth  temperature  dislocations  form  to  accommodate  the  difference  in 
lattice  size.  When  the  III-V  layers  are  cooled  from  the  growth  temperature  to 
room  temperature,  they  contract  much  more  than  Che  Si  substrate,  and,  if  they 
are  beyond  a  certain  critical  thickness  (~5  pm),  they  cleave  in  tension  Co 
accommodate  Che  greater  contraction  of  the  GaAs  chan  the  Si.  Generally  speak¬ 
ing  this  is  a  problem.  Hicrocracks  are  not  normally  desired  in  devices,  and, 
of  course,  in  some  cases  must  be  suppressed  or  elisiinated. 

From  another  viewpoint,  however,  a  microcrack  is  a  mechanism  to  relieve 
Che  strain  caused  by  lattice  mismatch,  and  maybe  devices  can  be  built  near 
microcracks,  particularly  if  Che  microcracks  are  introduced  in  a  pattern  or 
regular  geometry.  The  reason  Co  require  Chat  microcracks  fit  (eventually)  a 
pattern  is,  clearly,  to  permit  construction  of  a  regular  array  of  devices  as 
in  some  form  of  integrated  circuit.  We  already  have  data  indicating  that 
microcracks  can  play  a  significant  role  in  the  behavior  of  cw  300  K 
Al^Gai_^As-GaA8  QWH  lasers  grown  on  Si  (Ref.  13).  Not  only  can  microcracks 
help  relieve  Che  mismatch  strain  of  GaAs-on-Si,  they  can,  in  fact,  traverse 
Che  entire  length  of  Che  active  region  of  a  QWH  stripe  geometry  laser  on  Si 
without  harm  (Ref.  13).  Also,  they  can  be  located  at  right  angles  to  a  laser 
stripe,  thus  creating  a  useful  foim  of  compound  cavity  (Ref.  13).  In  other 
words,  microcracks  are  not  necessarily  all  bad  and  may  become  an  important 
part  of  some  GaAs-on-Si  devices. 

III.  CONTRIBUTORS 

The  principal  investigators  contributing  to  various  parts  of  the  work 
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1)  N.  Holonyak,  Jr.  (Refs.  1-27) 

2)  6.  E.  Stillman  (Refs.  6,  8) 

(This  report  has  been  prepared  by  N.  Holonyak,  Jr.)  The  graduate  students 
either  receiving  direct  project  support  or  otherwise  contributing  to  various 
portions  of  the  work  reported  here  are: 

1)  J.  M.  Dallesasse,  Ph.O.  Student 

2)  D.  G.  Oeppe,  Ph.D.  Student  (Shell-Fellowship) 

3)  D.  C.  Hall,  Ph.  0.  Student 

4)  G.  S.  Jackson,  Ph.D.  Student 

5)  F.  Kish,  Ph.D.  Student 

6)  J.  S.  Major,  Jr.,  Ph.  D.  Student 

7)  D.  W.  Nam,  Ph.  D.  Student  (Kodak  Fellowship) 

8)  M.  A.  Plano,  Ph.D.  Student  (Stillman  advisor) 

9)  W.  E.  Plano,  Ph.D.  Student 

10)  E.  J.  Vesely,  Ph.  D.  Student  (NSF  Fellowship) 

Note  that  some  of  the  graduate  students  making  contibutions  to  this  work 
Refs.  1-27)  have  received  support  from  other  projects  or  have  received 
fellowship  support.  G.  S.  Jackson  (Refs.  3,  4,  8,  and  16)  has  completed  his 
Ph.D.  (Spring  1988)  and  is  employed  in  GaAs  device  work  at  Raytheon,  Boston. 
Another  contributor  to  this  work,  D.  G.  Deppe,  has  completed  his  Ph.D. 
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(October,  1988)  and  is  now  employed  at  A.T.&T.  Bell  laboratories  (Murray  Hill, 
NJ).  A  third  contributor,  L.  J.  Guido,  has  also  completed  his  Ph.D.  work 
(Novend>er,  1988)  and  now  has  a  post-doctoral  appointment  (same  project).  In 
the  period  of  this  work  W.  E.  Plano  and  D.  W.  Nam  have  completed  their  Ph.D. 
preliminary  examinations.  As  already  mentioned,  the  National  Science 
Foundation  Engineering  Research  Center  has  supported  much  of  our  MOCVD  crystal 
growth  (EMCORE  reactor)  and  our  NSF  MRL  has  supported  our  TEM  and  SIMS 
analyses,  which  are  spread  throughout  much  of  the  work  reported  here. 
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Data  are  presented  demonstrating  that  the  surface  encapsulant  and  the  Aa4  overpres* 
sore  strongly  i^ect  Si  diffusion  in  GaAs  and  ALGai-^,  and  thus  are  important  pa¬ 
rameters  in  impurity-induced  layer  disordering.  Increasing  AS4  overpressure  results  in 
an  incrtaae  in  mSiision  depth  in  the  case  of  Gtu^s,  and  a  decrease  in  diffusion  depth  for 
A],(^i-«As.  hi  additum,  the  band-edge  ezdton  is  observed  in  absorpti(m  on  an  ALGat.;,As- 
GaAs  superlattice  tlut  is  with  Si  and  is  converted  to  bulk  crystal  Al^Gai-^As 

via  impurity-induced  layer  disordering.  In  contrast,  the  ezdton  is  not  observed  in  ab¬ 
sorption  on  GaAs  diffu^  with  Si  in  spite  of  the  high  degree  of  compensation.  These 
data  indicate  that  the  Si  division  process,  and  the  properties  of  the  diffused  material, 
are  different  for  GaAs  and  for  Al,Gai.«A^aAs  superlattices  converted  into  uniform 
A\yGai.jM  (0  s  y  s  X  s  1)  via  impurity-induced  layer  disordering  with  the  amphoteric 
dopant  Si. 

Key  words:  Si  diffusion,  impurity-induced  layer  disordering,  AliGai.^As-GaAs  su¬ 
perlattice,  ezdton  absorption. 


INTRODUCTION 

Since  the  demonstration  that  an  eztrinsic  impu¬ 
rity,  e^.,  Zn,‘  can  be  used  to  enhance  the  layer  in- 
termizing  (i.e.  disordering)  of  an  AlxGai-xA^aAs 
quantum  well  heterostructure  (QWH),  impurity-in¬ 
duced  layer  disordering  (IILD)  has  proven  to  be  an 
important  tool  for  constructing  sophisticated  forms 
of  buried  Q\^  lasers.^**  As  with  other,  more  de¬ 
veloped,  integrated  circuit  technologies  ULD  is  used 
to  selectively  modify  the  as-grown  properties  (band- 
gap,  refractive  index)  of  an  ALGai.^As-GaAs  het¬ 
erostructure  in  the  two-dimensional  plane  of  the  ep¬ 
itaxial  layers.  Consequently,  this  newer  form  of 
"band-gap  engineering”  is  ideally  suited  for  use  in 
the  construction  of  optoelectronic  integrated  cir¬ 
cuits  (OEICs). 

Because  of  the  increased  interest  in  the  applica¬ 
tion  of  mj)  to  OEIC  processing,  attempts  have  been 
made  to  model  the  enhancement  of  Al-Ga  inter¬ 
change  in  the  presence  of  extrinsic  impurities.*'*  In¬ 
dependent  of  Uie  details  of  these  models,  it  is  clear 
^  that  native  defects,  e^.  vacancies,  play  a  crucial  role 
^  in  the  Al-Ga  interchange  process.  Further  investi- 
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gation  is  required  to  determine  the  effect  of  the  sur¬ 
face  encapsulant,  the  crystal  Fermi  level,  and  the 
AliGai.iAs-GaAs  interfaces  on  the  concentration, 
m^ility,  and  charge  state  of  the  native  defects.  In 
this  paper  data  are  presented  demonstrating  that 
the  surface  encapsulant  and  AS4  overpressure  (Pk^) 
strongly  affect  Si  diffusion  in  GaAs  and  Al^Gat-iAs, 
and  thus  are  important  parameters  in  layer  dimr- 
dering.^  Hie  data  show  that  increasing  results 
in  an  increase  in  diffusion  depth  in  the  case  of  GaAs, 
and  a  decrease  in  diffusion  depth  for  Al^Gai-iAs. 
These  trends  suggest  that  the  Si  diffusion  process, 
whidi  is  me  of  the  more  important  methods  for  IILD, 
and  the  properties  of  the  (hffused  material  are  dif¬ 
ferent  for  GaAs  and  for  bulk-crystal  Al^Gai-^ 
formed  by  IILD  of  ALGai.^As-GaAs  superlattices. 
This  conclusion  is  further  supported  by  the  fact  that 
we  observe  the  band-edge  exciton  in  absorption  for 
a  Si-diffused  and  layer-disordered  ALGai-;,As-GaA8 
superlattice  (SL),  but  not  for  Si-diffiised  GaAs. 


EXPERIMENTAL  PROCEDURE 

The  epitaxial  layers  used  in  these  experiments, 
which  are  grown  via  metalorganic  chemical  vapor 
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Secondary  km  mass  spectroscopy  and  carrier  conoentratkm  measurements  are  used  to 
characterize  Si  dtlfbsion  into  GaAs  wafers  containing  two  fiindamentaUy  different  forms  of 
donors,  the  column  IV  donors  Si  or  Sn  and  the  column  VI  dontns  Se  (M*  Te.  A  decrease  in  the 
S  diffusum  rate  is  found  in  GaAs  containing  the  ctdumn  VI  donors  compared  to  the  column 
IV  donors.  This  trend  is  consistent  with  the  modd  in  which  the  Si  diffuses  as  donor-gallium- 
vacancy  complmtes.  The  decrease  in  the  Si  diffbsion  coefficient  is  attributed  to  the  greater 
binding  energy  of  ctriumn  VI  donor-gallium-vacaney  nearest-neighbor  complexes,  thus 
reducing  the  concentratioo  of  free-gallium  vacancies  available  to  complex  with  the  SL 


Although  donor  diffusion  into  GaAs  or  Al.Ga,  _„Asis 
typically  more  difficult  and  less  common  than  acceptor  dif¬ 
fusion,  Si  serves  as  an  important  donor  that  can  be  diffused 
and  can  be  used  in  device  fabrication.  The  Si  difftiskm  coeffi¬ 
cient  is  “fast”  enough  so  that  reasonable  annealing  times  and 
temperatures  can  be  used,  and  also  it  readily  diffiises  into  the 
cry^  without  significant  alloying  problons  at  the  crystal 
surface.*'^  In  addition,  the  Si  impurity  greatly  enhances  lay¬ 
er  interdiffuskm  at  Al^Ga,  _;,As-GaAs  heterointerfaces,* 
which  is  a  maskable  and  thus  selective  process  that  has  made 
possible  fabrication  of  low  threshold  buried  heterostructure 
Al.Ga, .  ;,As-GaAs  quantum  welt  (QW)  lasers.^^  It  is  like¬ 
ly  also  that  the  impurity-induced  layer-disordering  property 
will  find  other  applications  in  integrated  optoelectronic  de¬ 
vices.  To  realize  fully  the  potential  of  the  layer  ititermixiag 
process,  and  the  resulting  shift  from  QW  lower  gap  to  bulk- 
crystal  higher  gap,  will  require  a  detailed  understanding  of 
the  Si  diffusion  mechanism  as  well  as  the  crystal  properties 
that  control  the  diffusion.  Although  Si  has  been  proposed  to 
diffuse  in  GaAs  by  Si<^  -Si^,  neutral  pairs  hopping  to  neigh¬ 
boring  As  and  Ga  vacancies,^  the  diffiision  rate  is,  in  fact, 
strongly  controlled  by  the  Ga  vacancy  concentration  genera¬ 
ted  at  the  crystal  surface  during  the  diffusion. Based  on 
this  and  the  strong  dependence  that  Si  diffusion  has  on  the 
background  concentration  of p-type  impurity  in  the  crystal, 
we  recently  have  suggested  that  the  Si  diffuses  instead  by 
means  of  the  Si^  donor  and  the  ionized  Ga  vacancy 
(or  y^~,  etc. )  complex,  which  makes  the  Si  diffusion  Fer- 
mi-Ievel  dependent.*  Note  that  the  Fenri?  level  will  not  only 
control  the  charge  state  of  a  deep  level  such  as  but  will 

also  control  its  solubility  in  the  crystal.'”  In  this  letter  we 
report  data  on  the  diffusion  of  Si  into  GaAs  that  contains 
varying  amounts  of  several  fundamentally  different  donor 
impurities,  specifically  either  the  column  IV  donors  Si  or  Sn, 
or  the  column  VI  donors  Se  or  Te,  and  in  one  case  (for 
reference )  the  acceptor  impurity  Zn.  The  experimental  data, 
with  the  large  dependence  on  donor  species,  are  consistent 
with  the  argument  that  the  Si  diffuses  in  GaAs  as  the  com¬ 
plex  Sio,-Fo., 

The  GaAs  wafers  used  in  this  study  are  oriented  (111), 
and  the  Si  is  diffused  into  the  As-rich  surface.  Polished  wa¬ 
fers  are  first  etched  in  5:1:1  H2S0«:Hj02:H;0  for  5  min 
and  then  rinsed  in  de-ionized  water  and  blown  dry  under  a 


Nj  stream.  The  wafers  are  then  etched  in  NH4  OH  f<»  S  min, 
again  rinsed  in  de-ionized  water  and  dried,  and  then  immedi¬ 
ately  loaded  into  an  e-beam  ev^>oration  system  in  which  a 
— 2y)-A-thick  layer  of  Si  is  deposited  on  ^e  sutfisce  of  the 
wafers.  The  wafers  are  then  soded  in  an  evacuated  quartz 
ampoule  (2.5  cm*  volume)  along  with  a  piece  of  clean  de¬ 
mental  As  weighing  30-40  mg.  The  anneals  are  performed 
for  10  h  at  815  *C  sfter  which  secondary  km  mass  spectros¬ 
copy  (SIMS)  is  used  to  analyze  the  Si  diffusion  pitffiles  in 
the  GaAs  wafers.  The  carrier  concentration  is  also  measured 
using  a  Polaron  4200  C- ^measurement  system.  The  Si  diffii- 
skm  profile  can  depend  on  surface  preparation  of  the  GaAs 
wafer,  layer  thickness  of  the  evaporated  Si  source,  and  the  As 
overpressure  on  the  annealing  wafer.  Therefrae,  compari- 
s<ms  are  made  on  wafers  processed  simultaneously  and  then 
annealed  simultaneously  in  the  same  ampoule. 

Figure  1  shows  the  results  of  SIMS  analysis  on  wafers 
with  background  doping  varying  firmn:  (a)  p-type,  n^ 
s=  5X10'*  cm  ■*;  to  (b)  low  doping,  n,,  ™  10'*  cm"*;  to 
(c)  n-type,  n,,,  ae  3  X 10"  cm  ~  *.  Two  trends  can  be  sea  in 
the  dau  of  Fig.  1.  The  first  is  that  as  the  background  doping 


FIG.  I.  SIMS  profiles  for  SidilTusion  at  815  *C  ( 10  h)  into  GaAs  of  difler- 
enl  background  doping  species  and  concentrations.  The  Si  diffusion  depth 
increases  and  the  diffusion  front  becomes  less  steep  as  the  background  dop¬ 
ing  in  the  wafer  changes  from:  (a)  p-type,n^  •  Sx  I0'*cm~ to  (b)  low 
tteptng.  Hu  ■=  lO’*  cm  to  (c )  (i-type. «»,  =  5  X  10'*  cm  ' 
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Data  ate  preieated  demonstrating  that  carboa  (C)  eanbenaedaatheactive^typedopaiitiii 
hi^-quality  AljiOa,  _j,Aa-GaAs<|iiaiitttm  weillaaercryatak.  We  show,  by  ftbricattnf  thtee 
different  types  ofstripefBometry  laser  diodes  (o»destn^bydrofenatedstripe,andimpurity- 
indnced  laycT'disoidered  stripe),  that  C  is  a  stiMe  dopant  and  compadUe  in  bdiavior  with 
typical  ittt^rated-drcttit  style  of  device  prorriaim  The  dta  suggest  that  more  complicated 
la^  tMmetries  are  possible  on  C>doped  material  becauae  of  minimal  pattern ‘'undoaittiiig” 
after  processing  by,  for  example,  hydrogenation  or  impurity-induced  layer  disofderinf . 


Recent  work  has  demonstrsted  that  the  incorporation 
(via  diffusion,  implantation,  or  even  epitaxial  gnwth)  of 
various  impurities  into  Al;,  Ga,  _  ,As<«aAs  heterostncture 
devices  can  result  in  considerable  layer  intermixing,  Le.,  im* 
purity-induced  layer  disordering  (IILD).'~*  Unintentional 
heterointerface  disordering  is  not  desired,  for  example,  in 
devices  that  rely  on  reduced  dimeoatonality  for  improved 
performance.  In  contrast,  intentional  and  selective  IILD 
(i.e.,‘*band-gap  engineering"  in  the  plane)  have  been  used  to 
enhance  device  performance  (e.g.,  buried  heterostrocture 
quantum  well  lasers).'^^  In  view  of  these  developments,  it  is 
important  to  investigate  alternatives  to  the  dopants  that  are 
typically  used  (Be,  Si)  in  molecular  beam  epitaxy  (MBE) 
and  that  are  used  (Zn,  Mg,  Se)  in  metalorgank  chemical 
vapor  deposition  (MOCVD)  of  GaAs  and  Al,Ga|.;,As. 
Several  considerations  in  evaluating  an  alternative  dopant 
are:  ( I )  the  device  performance  of  the  as-grown  crystal,  (2) 
the  dopant  stability  relative  to  processing  operations  (heat¬ 
ing), and  (3)  the  compatibility  of  the  dopant  with  standard 
integrated-circuit  ( IC)  style  of  processing,  eg.,  the  conduc¬ 
tivity  type  change  of  IILD.  Dau  presented  in  this  letter  dem¬ 
onstrate  that  carbon,  which  is  usually  regarded  as  just  a 
background  contaminant,  can  be  employed  as  the  active  p- 
type  dopant  in  a  variety  of  stripe  geometry  AI,Ga,  .^As- 
GaAs  quantum  well  (QW)  lasera 

The  crystals  used  in  these  experiments  are  grown  via 
MOCVD*  in  an  EMCORE  GS  3000  reactor.  Host  crystal 
atoms  are  provided  via  the  metalorganics  trimethylalu- 
minum  (TMAl)  and  trimethylgallium  (TMGa),  and  the 
hydride  arsine  (AsH,,  100%).  Thep-type  dopant  sources 
are  carbon  (C),  a  by-product  of  the  TMAl  and  TMGa  pyro¬ 
lysis  reactions,  and  magnesium  ( MCpj Mg).  The R*type do¬ 
pant  source  is  hydrogen  selenide  (HjSc).  The 
Al  ,  Ga,  ,  As-GaAs  QW  laser  crystal  consuls  of  the  follow¬ 
ing  epitaxial  layers:  an  n-type  GaAs  buffer  layer 
(«*,  ~2x  lO'*  cm"^  ~0.5  ftm)  grown  directly  on  an  n- 
type  GaAs  substrate  (n*  ~2x  10'*cm'^),  followed  by  two 
«-type  Alj,Ga, .  ,As(«s*  ~2x  10‘*  cm“^  y--0.25,  0.40) 
intermediate  layers  (  ~0.S  /rm)  to  minimize  the  strain  be¬ 
cause  of  the  lattice  mismatch  between  the  substrate  and  the 
succeeding  high-gap  AI.Ga, . .  As  (x— 0.73)  active-region 
confining  layers.  The  upper  p-type  (Bc~9xI0”  cm“’) 
and  lower  n-type  (n,,  —  2X  10'*  cm  ~  ’)  confining  layers  are 
each  ~  1  pm  thick,  llie  active  region,  grown  directly  after 
the  lower  confining  layer,  consists  of  an  undoped 


Al^Ga._,.Aswaveguidelayer(jr' ->0.23, 0.18pm)  with  a 
oldO-A  GaAs  QW  in  the  center.  Finally,  the  structure  is 
capped  with  a  thin  GaAs  layer  (aM,~lXl0"  cm~\ 
~0. 10pm )  for  contact  purposes.  For  laser  diode  Griification 
the  crystal  is  shallow  diAi^  with  Zn  (ZnAS],  330 *C,  10 
min,  ->0.1pm).Theshallow  contact  diiftiaion  increases  the 
doping  levd  in  the p-type  (Mg)  contactlayersothatnon^- 
loyed  ohmic  contacts  can  be  lealized  using  standard  Cr-Au 
metalization. 

Earlier  work  has  shoam  that  C  is  the  dominant  residual 
acceptor  m  MBE  or  MOCVD  GaAs.**"  However,  much 
less  is  known  about  the  properties  of  C  as  an  active  p-type 
dopant  in  GaAs  or,  more  importantly,  in  Al.Ga,  ..As.  A 
recent  study  of  C  incorporation  in  MOCVD  Al,Oa,  _„As 
shows  that  the  C  concentration  incraaaes  both  with  Al  mok 
fraction  (x)  and  grosrth  temperature  ( ),'*  which  agrem 
with  similar  data  (Fig.  1 )  of  the  present  work.  Thaae  data 
suggest  that  C  can  be  caeployed  as  the  active  dofMM  in  de¬ 
vices,  which  we  demonstrate  below  on  QW  Iman.  The  Al 
mole  fraction  (x)  in  Fig.  1  is  varied  by  shnutansonriy  in¬ 
creasing  the  TMAl  flow  and  daersaaing  the  THOa  low.  The 
remaining  growth  conditions  are  held  constant  (powihreae 


FIG.  I.  Carrier  coacemratioa  (300  K)  in  C-^loped  Al.Oa,  ..As  v«  Al 
compofition  a»  determined  via  capadtanoe-voltaee  meauitemenn  (He 
probe).  The  Al  composition  values  have  been  determined  bjr  donUe-cryftal 
s-ray  measurements.  Data  points  denoted  by  solid  circles  (n  type)  and  solid 
squares  (p  type)  are  taken  from  a  set  of  calibration  samples  (groivtli 
rate- 1 1  pm/h.  Tc  -  760  'C.  A;  -  130  Ton-.  V/III  >  23).  The  hole  con- 
oentration  in  the  C.doped  QW  laser  crystal  ( upper  conSnini  layer)  is  de¬ 
noted  by  sn  arrow  in  the  upper-right-hand  comer  (growth  tale—  1 1  pm/h. 
To  -  825  •€.  Pc  -  150 Torr,  V/lII  »  4<). 
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fNgli-power  gain-guided  coupled-stripe  quantum  well  laser  array 
by  hydrogenation 

G.  S.  Jackson.  0.  C.  HaN,  L  J.  Guido,  W.  E.  Plano.  N.  Pan,  N.  Hoionyak,  Jr.,  and 
I  Q.  E.  Staknan 
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(Received  14  October  1987;  accepted  for  publication  21  December  1987) 

Hifb-power  coupled>etripe  (ten-stripe}  Al.Gat  .^As-GaAs  quantum  well  lasers  that  are 
fabricated  by  hydrxigenation  are  des^bed.  Continuous  (cw)  room-temperature  thresholds  as 
lowas/,h  s  90  mA  and  internal  quantum  efflciency  as  high  as  8S%  are  demonstrated. 
Continuous  300  K  laser  operation  generating  2  x37SmW  ((X75  W)  at  910  mA  (10/.^)  or 
S7%  efficiency  is  described  (8^m-snde  stripes  on  12 ^rm  centers).  Minimal  heating  effects  are 
observed  up  to  the  point  of  catastrophic  failure. 


The  semiconductor  laser  has  become  an  important  and 
convenient  source  of  high  optical  power.  To  overcome  the 
problems  of  high-power  emission  (i.e..  catastrophic  facet 
damage  and  heating),  large p-n  junction  areas  are  required 
and,  of  course,  a  uniform  (fotribution  of  the  injection  cur¬ 
rent.  This  can  be  accomplished  with  an  array  of  closely 
spaced  active  stripes.  Optical  coupling  between  very  closely 
spaced  laser  stripes  creates  a  narrowing  of  the  far-field  ( FF) 
emission  pattern  and  a  corresponding  increase  in  optical 
power  density  in  the  output  beam.'*'  Both  gain-guided  and 
index-guided  laser  arrays  can  be  fabricated.  Index-guided 
laser  arrays  are  usually  produced  either  by  etching  and  some 
type  of  crystal  regrowth,*  or  by  layer  disordering  with  an 
impurity  (e.g.,  Zn  or  Si)  in  the  case  of  an 
AljGa,  _^As-GaAs  quantum  well  heterostructure 
(QWH).’'^  Gain-guided  laser  arrays  usually  are  fabricated 
by  some  form  of  current  segregation  at  the  contact  layer. 
Shallow  proton  implants  create  highly  resistive  regions  that 
channel  current  into  the  conducting  stripes."  Insulators  on 
the  surface  with  stripe  openings*  and  mesa  stripes  with 
Schottky-barrier  contacts  between  them  achieve  similar  re¬ 
sults."  All  of  these  schemes  for  gain-guided  arrays  allow  sig¬ 
nificant  current  spreading  at  the  stripe  active  regions,  which 
is  a  limitation  making  gain-guided  arrays  vulnerable  to  gain- 
profile  changes  as  operating  conditions  change.  In  fact,  the 
current  spreading  is  so  large  that  usual  gain-guided  lasers 
can  appear  almost  like  broad-area  devices.""’  A  different 
form  of  gain-guided  coupled-stripe  laser  array  is  described  in 
this  letter,  a  coupled-stripe  array  fabricated  by  hydrogen 
compensation  of  the  dopants,  i.e.,  hydrogerution.  The  hy¬ 
drogenation  process  is  effeaive  in  eliminating  current 
spreading  at  the  active  region  and  allows  broad  area  metalli¬ 
zation  over  the  entire  p  side,  thus  providing  excellent  heat 
sinking  for  high-power  operation. 

The  coupled-stripe  laser  arrays  described  here  are  fabri¬ 
cated  on  a  QWH  crystal  grown  by  metalorganic  chemical 
vapor  deposition  ( MOCVD )  in  an  EMCORE  GS  3000  reac¬ 
tor."  The  separate  confinement  heterostructure  (SCH) 
consists  of  a  single  140- A  GaAs  QW  centered  in  an 
Al.Ga, .  .  As  waveguide  layer  (X—0.2S.  0.18/im).  The  en¬ 
tire  undoped  active  region  is  sandwiched  between  two 
Al,  Ga,  ,  As  (.x'— 0.75.  1  pm)  confining  layers,  the  bot¬ 


tom  one  doped  n  type  with  Se  (n,.  ~  2  X 10'*  cm  ~  ^ )  and  the 
top  doped  p  type  with  carbon  (C)  (Rc'*'9xI0'^  cm~*). 
The  use  of  C  as  a  ^type  dopant  has  been  described  else¬ 
where. The  bbrication  of  these  laser  diodes  is  similar  to  the 
process  used  previously  for  single  stripe  lasers.”  Prior  to  the 
hydrogenation  step  a  shallow  Zn  dil^sion  step  (350  "C,  15 
min),  in  a  stripe  array  pattern,  is  carried  out  on  the  top-side 
GaAs  contact  layer  to  improve  the  p-side  contact.  The  Zn- 
diffused  regions  are  then  masked  with  ~  lOOOAofSiOj.and 
the  wafer  is  placed  in  a  hydrogen  plasma  (730  Torr,  0.4 
W/cm^)  at  250  ‘C  for  8  min.  Hydrogenation  of  the  C  in  the 
nonmasked  top  regions  creates  highly  resistive  stripes  in  the 
p-type  Alo7,Gao.2)  As  confining  layers.'*  After  hydrogena¬ 
tion  the  oxide  mask  is  removed,  the  wafer  is  thinned  to  — 100 
pm  thickness,  and  contacts  ((3e-Au  for  n  type,  Cr-Au  forp 
type)  are  evaporated  onto  the  wafer.  For  cw  operation  the 
devices  are  mounted  p  side  down  on  Cu  heat  sinks  with  In. 

The  laser  array  consists  of  ten  S-pm-wide  p-type  con¬ 
ducting  stripes  on  12  pm  center-to-center  spacing.  A  scan¬ 
ning  electron  micrograph  of  the  ten-stripe  wafer  is  shown  in 
Fig.  1.  Conventional  A-B  etch  is  used  to  stain  the  cleaved 
facet  and  enhance  the  contrast  between  the  conducting  and 
the  resistive  (4-pm-wide  hydrogenated)  p-type  regions.  In 
Fig.  1(a)  no  metallization  is  present,  and  the  ctmducting 
stripes  ( 8  pm  wide)  are  completely  etched  down  to  the  QW 
active  region.  This  allows  easy  identification  of  the  hydroge¬ 
nated  areas  and  the  ten  active  stripes  on  12  pm  centers.  The 
two  outside  stripes  of  the  array  are  marked  with  vertical 
arrows  I  and  10  to  denote  the  extent  of  the  array.  There 
appears  to  be  little  or  no  “undercutting”  of  the  oxide  mask  in 
this  device,  which  is  in  contrast  to  earlier  results  on  single 
stripe  lasers. '  ’  This  difference  may  result  from  the  use  of  C  as 
the p-type  dopant,  as  well  as  from  confining  the  Zn  diffusion 
to  a  stripe  pattern.  A  metallized  cleaved  section  is  shown  in 
Fig.  1(b)  that  also  is  stained  with  the  A-B  etch.  The  8-pm- 
wide  conducting  stripes  appear  as  dark  regions  separated  by 
lighter  (4pm)  hydrogenated  areas.  Again,  the  two  vertical 
arrows  in  Fig.  1(b)  point  to  the  two  laser  stripes  1  and  10  at 
the  edges  of  the  array. 

The  results  of  pulsed  operation  of  these  ten-stripe  lasers 
are  summarized  in  Fig.  2.  Excitation  is  by  Sps  pulses  at  a  10- 
kHz  repetition  rate.  Diodes  with  different  lengths  are  tested 
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Burled  heteroetructure  AlxGa,_xA8-GaA8  quantum  well  lasers 
by  Ge  diffusion  from  the  vapor 
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(Received  30  October  1987;  accepted  for  publication  4  January  1988) 

Data  are  preiented  on  a  method  to  difiiM  Ge  into  quantum  well  Alj,Ga,  _  ^.As^raAs  crystals 
from  a  v^N)r  source,  thus  effecting  impority*iiiduced  layer  disordering,  and  shift  from  lower  to 
higher  gap.  The  Oe  ditfrisicin  is  characterued  on  undoped  GaAs  by  using  secondary  i<m  mass 
spectroscopy  and  capncitancifr-voltage  dectrachemical  prt^ling.  The  layer  disordering  with  Ge 
is  used  to  &bricate^m>wide  buried  heteroetructure  quantum  well  lasm(2S0/im  long)  with 
continuous  wave  thresholds  as  low  as  7  mA  and  output  powers  of  greater  than  M  mW  (both 
fiKCtt). 

Of  the  various  reasons  to  dUftise  impurities  into  III-V 
semiconductors,  one  of  the  more  recent  is  to  effect  impurity- 
induced  intermixing  of  GaAs  quantum  wells  (QW*s)  and 
Al.Ga,  _,As  barriers,  and  thus  sekctiveiy  increase  the  en¬ 
ergy  gap  of  a  quantum  well  heterastructure  (QWH).'-^  For 
thb  purpose,  accepton  (Zn)  are  much  easier  to  use,  diffus¬ 
ing  from  the  vapor,  donors  are  much  less  convenient  to  em¬ 
ploy.  To  be  specific.  Si  is  an  imporiant  example  that,  with  its 
low  vapor  pressure,  must  be  deposited  on  the  crystal  surface 
and  thm  be  difftised  into  the  crystal.^*^  Although  the  column 
VI  donors  possess  high  vapor  pressures  and  can  be  used  for 
layer  intermixing,  stringent  control  is  required  on  the  dilfti- 
sion  conditions  to  avoid  chemical  reaction  with  the  crystal 
surface  and  thus  surface  erosion.  So  far,  impurity-induced 
layer  disordering  (IILD)  with  donor  (Si)  diffusion  has  been 
used  most  effectively  to  fabricate  high-performance  buried 
heterostructure  quantum  well  lasers. 

In  spite  of  the  inconvenience  in  applying  Si  diffusion, 
high-performance  single-stripe,’*  coupled-stripe,’  and  dis¬ 
ordered  window  lasers  have  been  fabricated.  There  would  be 
an  obvious  advantage  in  achieving  these  results  via  donor 
diffusion  from  the  vapor.  In  this  letter  we  describe  the  diffu¬ 
sion  of  the  Ge  donor  from  a  vapor  source  and  utilize  the 
process  to  fabricate  high-performance  single-stripe  buried 
heterostructure  QW  lasers.  Although  both  Ge  diffusion  and 
layer  disordering  from  an  elemental  source  applied  to  the 
crystal  surface  have  been  studied  previously,*- Ge  diffusion 
from  the  vapor  has  not  been  previously  reported,  nor  its  use 
in  device  fabrication. 

The  Ge  diffusions  of  interest  here  are  carried  out  in 
sealed  quartz  ampoules  ( ~2.S  cm’  volume)  that  are  evacu¬ 
ated  to  below  -.2x10"*  Torr.  The  diffusion  source  consists 
of  a  3  X  3  mm’  piece  of  GaAs  substrate  onto  which  a  layer  of 
Geof  about  500  A  thickness  has  been  electron-beam  deposit¬ 
ed,  along  with  a  piece  of  elemental  As  weighing  — 15  mg. 

These  are  placed  in  the  ampoule  along  with  the  wafer  to  be 
diffused.  The  anneal  is  performed  for  10  h  at  temperatures  of 
8(X)-820  *C.  Note  that  at  these  temperatures  the  vapor  pres¬ 
sure  of  elemental  Ge  is  very  small.  However,  it  is  known ' 
that  in  the  temperature  range  730-750  *C  the  compounds 
GeAs  and  GeAsj  can  form  in  the  Ga-As-Ge  ternary  syv 
terns.  It  is  these  compounds  (and  their  decomposition  prod- 
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nets)  that  are  believed  to  increase  the  Ge  concentration  pres¬ 
ent  in  the  vapor  phase  in  the  annealing  system,  inasmuch  as 
the  vapor  diffusion  can  be  carried  out  by  placing  only  ele¬ 
mental  Ge  and  elemental  As  in  the  ampoule.  It  is  not  estab¬ 
lished,  however,  in  what  form  the  Ge  exists  in  the  vapor.  The 
auxiliary  GaAs  crystal  is  simply  used  as  a  means  to  intro¬ 
duce  a  small  enough  amount  of  Ge  into  the  annealing  system 
so  that  alloy  formation  does  not  occur  on  the  sample  wafer. 
We  have  found  that  this  vapor  diffusion  technique  works 
also  with  an  elemental  Sn  ( -f-  As)  diffusion  source  at  these 
temperatures,  but  attempts  to  diffuse  Si  from  the  vapor  using 
this  method  have  been  unsuccessful. 

Figure  1  shows  the  atom  concentration  and  electron 
concentration  in  a  piece  of  undoped  bulk  GaAs  that  has  been 
diffused  with  Ge  from  the  vapor  source  at  a  temperature  of 
8(X)  *C  for  10  h.  The  Ge  concentration  is  measured  by  sec¬ 
ondary  ion  mass  spectroscopy  (SIMS),  and  the  electron 
concentration  is  measured  using  an  electrochemical  capaci¬ 
tance-voltage  profiler,  the  Polaron  PN4200.  Both  the  shape 
of  the  SIMS  profile  and  the  large  degree  of  electrical  com¬ 
pensation  seen  in  the  Ge-diffused  regions  are  reminiscent  of 
Si  diffusion,  suggesting  that  Si  and  Ge  may  obey  a  similar 
diffusion  mechanism.  '*  The  Ge  diffusion  depth  is  found  to  be 
relatively  independent  of  the  Ge  layer  thickness  on  the 
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FIG.  I .  Undoped  bulk  GaAs  diffused  with  Ge  at  800  *C  ( 10  h )  rrom  a  vapor 
source,  (a)  shows  the  Ge  concentration  as  measured  by  SIMS,  (b)  shows 
the  electron  concentration  measured  using  C-  Kelectrochemicai  proSling  in 
the  Ge-dilTused  region.  The  Ge  dilliises  into  the  GaAs  largely  compensated. 
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Qcneratfon  of  an  anomaloua  hole  trap  in  QaAs  by  As  overpressure  annealing 
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Deep  levde  in  high'purityM'typeiiKdecular  beam  epitaxy  (MBE)  GaAs  and  in  undoped  »• 
type  metalorgmic  chemical  vapor  depoaition  (MOCVD)  OaAs  samples  annealed  with  various 
As  ovetpccasuKS  wen  inveadiated  usinf  oonatant  capacttanoe  deep  level  tnuisient 
spectroscopy  on  evaporated  Au  Sebottky  barrier  diodes.  Anomalous  hole  traps,  which  could 
be  measured  because  ofa  surface  dfect.  wen  observed  in  an  annealed  sam|des.EL2  traps  wen 
enated  m  the  MBE  material  by  the  anneaWng,  whQe  the  concentntion  of  EL2  in  the 
MOCVD  material  was  about  tlie  same  as  that  befon  »titw^lwfg  The  effect  of  «iiii«>a1ing  on  the 
other  electron  traps  in  these  samples  is  also  studied  and  nported. 


i 


y 


Previous  annealing  studies  on  semMnsulating  QaAs*'^ 
have  shown  p-type  oonverskm  in  the  annealed  semMiiauiat* 
ing  material  wteh  was  attributed  by  some  to  a  decrease  in 
the  EL2  concentration.*^  Other  stucto  have  rqwrted  a  high 
concentration  of  Mn  at  the  surface  of  annealed  layers  and 
explained  the  type  conversioo  in  terms  of  Mn  outdhftision 
from  the  layer.*  Studies  have  also  been  performed  on  an¬ 
nealed  molecular  beam  epitaxy  (MBE)  layets  whidi 
showed  that  EL2  was  created  in  these  samples  when  various 
caps  and  overpressures  were  used*'*  while  the  concentra- 
tioas  of  typical  MBE  deep  traps  were  reduced  by  annealing 
at  a  suflldently  hi^  temperature.*-*  In  the  present  annealing 
^study  n-type  S-doped  high-purity  MBE  samples  and  an  un- 
^Moped  metakMganic  chemical  vapor  depositton  (MOCVD) 
^^ample  were  used.  The  samples  were  sealed  in  an  evacuated 
quartz  ampoule  with  various  amounts  of  solid  arsenic.  The 
ampoules  were  held  at  a  temperature  of  730*C  for  1  h.  The 
arsenic  overpressures  were  calculated  assuming  that  all  of 
the  solid  arsenic  became  AS4. 

Figure  1  shows  the  carrier  concentration  profiles  of  the 
MBE  samples  annealed  with  the  indicated  arsenic  overpres¬ 
sures.  Before  annealing,  the  MBE  material  had  a  flat  carrier 
concentration  profile  with  a  concentration  of  about  3 
X  lO'Vcm*.  The  annealed  samples  show  a  reduction  in  car¬ 
rier  concentration  that  is  inversely  related  to  the  amount  of 
arsenic  overpressure.  The  zero  Was  depletkm  widths  for  the 
annealed  samples  are  larger  than  would  be  expected  for  the 
corresponding  carrier  concentration  and  indicate  that  these 
samples  are  compensated  at  the  surface. 

Photoluminescence  measurements  were  made  on  as- 
grown  and  annealed  MBE  samples.  After  annealing,  the  de¬ 
fect  bound  exciton  lines  that  were  present  in  the  unannealed 
MBE  material  were  no  longer  detectable.  Another  interest¬ 
ing  effect  of  the  annealing  was  a  change  in  the  dominant 
acceptor.  Prior  to  annealing,  the  dominant  acceptor  in  the 
MBE  material  was  carbon,  with  a  small  concentration  of 
silicon  acceptors.  After  annealing,  the  concentration  of  sili¬ 
con  acceptors  was  increased  so  that  silicon  accepton  became 
/  --idominant  This  change  indicates  that  the  intentional  silicon 
Vjiaopant  atoms  are  switching  from  Ga  sites  to  As  sites,  con¬ 
trary  to  what  might  be  expected  with  an  arsenic  overpressuie 
during  the  annealing.  However,  the  data  in  Fig.  1  show  that 


hitler  As  overpressures  seem  to  inhibit  this  site  switching.  A 
full  photolumiiieseenee  study  of  the  annealing  effects  on  the 
acceptor  concentrations  is  i^anned. 

Constant  capacitance-deep  levd  transient  spectroscopy 
(CC-DLTS)  measurements  were  performed  on  all  of  the 
annealed  samides  using  an  apparatus  that  has  been  described 
previously.*"  Gold  Schottky  barrier  diodes  and  nickel-tin 
ohmic  contacts  were  formed  on  the  samples.  Devices  fabri¬ 
cated  on  annealed  material  have  lower  reverse-bias  break¬ 
down  vWtages  than  those  fabricated  on  unannealed  materi¬ 
al.  However,  all  of  the  devices  had  quality  factors  greater 
than  10,  indicating  that  series  resistance  was  not  a  factor  in 
the  OLTS  measurements.  All  spectra  were  taken  by  pulsing 
the  diodes  between  a  reverse  bias  of  approximately  2  V  and 
zero  bias.  Represenutive  spectra  of  tM  aa-grown  and  an¬ 
nealed  MBE  samples  are  shown  in  Fig.  2(a).  The  spectrum 
of  the  as-grown  MBE  material  contairu  the  electrra  traps 
Ml,  M3,  and  M4  that  are  typical  of  MBE  material.  M3  is  the 
dominant  trap  with  a  trap  concentration  of  4x  lO'Vcm*. 
After  annealing,  the  dominant  feature  of  the  qiectrum  is  a 
hole  trap  labeled  NPl.  The  energy  level  for  NPl  is  0.67  eV 
above  the  valence  barui  and  the  trap  has  a  capture  cross  sec¬ 
tion  of  I X  10  ~  '*cm*.  Other  effects  of  annealing  are  a  reduc¬ 
tion  of  the  concentration  of  M3  by  a  factor  of  4  and  the 


FIG.  I.  Carrier  concentratiaa  proSk  of  a  MBE  sample  before  and  after 
annealini  with  various  arsenic  ovetpreasurea. 
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AUnUiCT 


Salactloa  latardiffuaioa  of  Al  aad  Ga  at  Al^Ga^^Aa-CaAa  hatarointar- 
facaa  eaa  ba  earriad  out  by  eoawaatioaal  aaakint  proeaduraa  aod  diffuaioa 
of  aeeaptor  iapuritiaa  (a.t..  Za) ,  or  doaor  iaporitiat  (•.$.,  $i>,  or  alao 
by  too  iaiptaatatloa.  Ihia  proeaaa,  iapurlty-iaduead  layar  diaordariag 
(IZIO),  aakaa  it  poaaibla  to  eoavart  guaatia  wall  hataroatructuraa  (QHIIa) 
aoeh  aa  Al  Ga.  Aa*<UAa  auparlatticaa  (Sla)  iato  balk  boa«gaoaoua 
Al-6^  Ai  wbara  y  la  tha  aaaraga  Al  eoapoaitiea  of  tha  QHH.er  SL.  Siaea 
thd  ItED  proeaaa  la  aaakabla  aad  thua  aalaetWa,  botarojuaetieoa  ea  ba 
foraad  la  dlraetlona  perpeadiealar  to  tha  eryatal  growth  diraetioo,  i.a., 
batwaaa  aa-^rowa  "ordarad"  aad  IILO  "diaordarad"  ragloaa.  1b  data  tbla 
proeaaa  haa  baoa  uaad  aoat  affaetivaly  ia  tha  fabrieatioa  of  burlad* 
hataroatruetura  (fl  lasara,  siagla  tad  aaltipla  ttripa,  idtara  tha  diaordarad 
regioaa  proaida  both  optieal  aad  alactrical  eoafiaawaat.  lha  IIIO  proeaaa 
haa  alao  baaa  uaad  to  advaataga  ia  tha  fabrieatioa  of  high  power  laaar 
diodaa  with  aoa-abaorbiag  ’Viadowa"  at  tha  laaar  facatt  and  thua  with 
battar  iaauaity  froa  faeat  daaaga. 

Ia  tbif  paper  we  preaeat  data  oo  the  applicatioa  of  the  IILD  proceai 
to  the  fabrication  of  buried-heteroatructura  V  laaar  diodaa.  Ha  alto 
datcribe  poaaibla  aaehaaiaaa  by  which  the  iapurity-induced  layer  diaorder- 
ing  proeeedt  baaed  oo  Coluan  III  "fkenkel”  defectt  aod  the  iaflueace  of  the 
eryatal  Perai  level  oo  tha  defect  aolubility.  Thaae  aechaaiaaa  are  aup- 
ported  by  axperiaantal  data. 


IimODOCTlOII 

lapuricy iodoeed  layar  diaordariag  (IIIO)  waa  diacovered  in  1980  by 
Laidig,  at  al.  (1]  while  attaaptiag  to  convert,  via  Za  diffuaion  for  phonoo 
exparinantt  (21,  uodoped  Al^Ca^_^Aa-CaAa  auparlatticaa  (Sla)  to  p-type 
aaterial.  It  waa  quickly  racognicad  (1]  that  tha  layar  intanaixing  of  tha 
Al  Caj^Aa-GaAt  SL  that  aeeoopaniea  tha  relatively  low  taaweratura  Za 
diffuaion  providaa  a  convenient  aaaaa  of  converting  lower  energy  gap  thin 
layer  hecaroatruccurca  into  higher  gap  howogeneoua  bulk-cryatal  alloy.  The 
aelaetivity  of  the  diffuaion  proceta,  which  can  be  oaakad,  then  allowa  the 
fabrication  of  heterojunetiont  nomal  to  tha  eryatal  growth  direction  and 
thua  nomal  to  the  layara  (and  doping)  that  are  part  of  the  epitaxial 
eryatal  growth,  lha  IILD  occura  becauae  of  the  Zn  iaipurity'a  ability  to 
inereaaa  the  Coltnai  III  (Al  and  6a)  atow  ael f-dif fuaion  ratea  nany  ordera 
of  nagnitude  over  Chat  of  ordinary  thenaal  Al-6a  interdif fuaion.  Sinca  tha 
initial  diaeovary  of  IILO  via  Zn  diffuaion  (U,  nany  different  atonic 
apaciea  have  been  found  to  pronote  IILO,  either  through  inpurity  diffuaion, 
ion  iaplantation  and  aubaaquant  eryatal  annealing,  or  incorporation  during 
eryatal  growth  and  then  aubaequant  annealing.  For  exanple,  baaidea  tha 
aeeaptor  Zn,  the  aceeptora  Be  (A|  and  (J)  are  known  to  pronote  IILO,  and 
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AWTIACT 


bpoaara  of  6aAa  and  AlCaAa  to  a  hydrofoa  plaaaa  haa  baao  ahoim  to 
raault  ia  a  aigaificaat  ehaapa  la  tba  alaetrieal  aad  optical  propartiaa. 
Tha  ehaataa  ara  ralatad  to  tba  alaetrieal  daaetiaatioa  of  tha  daap  aad 
ahalloo  laparitiaa  by  hjdrogoaatioa.  apoetroaeople  aad  alaetrieal  aaaaura- 
aaota  ba«a  abeoa  that  Si  doaora  aad  C  aeeaptora  ia  hipb  purity  CaAa  eaa  bo 
paaairatad  by  bydrotaaatioa.  ■ydropaaatioa  of  p*^ypa  CaAa  tad  AlCaAa  baa 
ratttltad  lo  bigbly  raaiatiuo  oatarial.  SiOj  woa  fouad  to  ba  a  auitabla 
oaab  for  tba  bydrogaaotioo  proeaat.  Siogla  aad  oeltipla  atripa  gaeoatry 
latara  bava  baaa  fabrieatad  by  proparly  oaabiog  tha  laaar  atruetura.  Tba 
laaart  produead  uaiog  tha  hydrogaaatloo  proeaat  ht«a  lav  thrttbold  eurraott 
aad  ara  eapabla  of  ew  rooa  taaporaturo  oporatioo. 


limOOOCTIOR 


laeaat  ttudiaa  of  hydrogouatioa  bovo  raaultad  io  a  battar  uadarttaad' 
log  of  tha  paaairatioo  of  doap  ood  ahallo*  iapuritiaa  aad  bydrogaaatioa 
kiaatiea  [1-9].  tha  alaetrieal  aad  optical  propartiaa  of  CaAa  eaa  bo 
ehoogod  tigaifieaatly  aftar  aapoaura  to  a  hydrogoa  plaaaa.  Iiara  haoa  baao 
aaay  raportt  oa  tht  oautrallsatioo  of  aballou  doaora  ia  iaplaatad  aad 
hoovily  dopod  GoAt  [A-S].  lha  rtaultt  oa  tba  aout rail tat ioa  of  aballou 
aeeaptora  hoot  boao  raportad  [6,9],  but  tha  raaultt  boua  aot  baaa  vary 
eoaaittaot.  iKaat  raaultt  oa  tba  poatluatioo  of  AlCaAa  (A.lCl  hova  thoua 
aiailar  bohovior  to  tboto  oa  CoAt.  Thtea  rsaulta  offor  tha  poatibillty  of 
uaiag  bydrogaaatioa  at  a  proeattiag  tachaiguo.  ■ydrogaaatioa  haa  baaa  utad 
to  roaliao  laolatioa  ragioaa  ia  a  atripa  gooaatry  lotar  (11). 

Ia  tbit  papar,  tha  propartiaa  of  high  purity  oatarial  bafora  aad  aftar 
hydrogaaatloa  will  ba  aimariaod.  Tha  charaettriaat ion  tachalquaa  ineludt 
phototbaraal  ioaitatioo  tpaccroteopy  (FTIS),  low  taoparatura  photoliariaat- 
eaoea  (FL) ,  traoaaiaaioa  alaetroa  aicroteopy  (TEN),  aaargy  diaparaiva  tpae- 
troaeopy  (EDS),  copaeitaaca  voltaga  (C-T)  aad  Hall  afftet  aaaauraaaat a . 
Tht  affteta  of  hydrogaaatloa  oa  AlCaAa  tod  GaAa-oa-Si  soaplaa  will  ba 
ditcutaad.  to  additioa,  tht  rtaulta  of  tha  uaa  of  hydrogaaatloa  to  realixt 
laolatioa  ragiona  in  ainglt  aod  oultiplt  atripa  quanttoa  wall  Itaara  will  ba 
praaaatad. 


EXmiMEHT 


Tha  plaaaa  rtaetor,  bydrogaaatioa  eoaditioaa,  dataila  of  tha  ehai- 
oetarltatioa  tochaiquaa,  aad  aaoplt  praparttioo  utod  ia  tha  high  purity 
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Data  are  presented  demonstrating  very-sliort«wavelength  (62S  nm)  room-temperature  (300  K) 
continuous  (cw)  (diotopumped  laser  operation  of  In,  _,(Al^Ga,_,),P-In,  .^(Al^Ga,  _^),P 
quantum  well  heterostructures  grown  lattioe  matched  (ysO.3)  on  a  GaAs  substrate  via 
metalorganic  chemical  vapor  deposition.  In  addition,  300  K  pulsed  laser  operation  (/„,  — 10* 

A/cm^  62S  nm)  of  diodes  fabricated  ftom  the  same  crystal  is  described. 


Because  of  the  high-energy  gap  at  the  direct-indirect 
crossover  of  In,  .^.Oa^iP  (xmx,s:0.73,  Er  -•£x~2.24 
eV)'-^  and  the  long-known  bet,  beginning  with 
Al.Oa,  _j,As  studies,^'*  that  A1  can  be  substituted  for  Ga 
with  only  slight  lattice  change  in  a  III-V  crystal,  it  has  long 
been  appreciated  that  the  substitution  of  A1  for  Ga  in 
In,  _  ,^,P  can  serve  as  the  basis  for  even  higher  gap  and 
thus  shorter  wavelength  light-emitting  diodes  and  lasers. 
Theshiftofln,  _<Ga,PtoIn,  .,(Al.Ga,  _„),P  (0<jc<l, 
0<y<  1 ).  which  has  been  made  practical  by  the  development 
of  metalorganic  chemical  vapor  deposition  (MOCVD) 
or  MO  vapor  phase  epitaxy  (MOVPE),’-*  makes 
possible  the  fabrication  of  high-gap 
In,  _,(Alj,.Ga,  ),P-In,  _,(Al,Ga,  _ ,  ),P  heterojunc¬ 

tions  and  quantum  well  heterostructures  (QWH’s).  The 
most  important  case  recently  receiving  attention  is  that  of 
the  Ino.5(Al,Gai_;,)o.5P  alloy  (ysO.3),''^  which  is  (as  is 
Ina5Gi^5P)  lattice  matched  to  GaAs  and  yields  shorter 
wavelength  lasers  than  the  Al.Ga,  _  As  system.^*'*  Unlike 
(AlGa)As,  however,  (InAlGa)P  is  not  intrinsically  lattice 
matched  to  GaAs;  it  is  not  a  simple  matter  to  keep  the  com¬ 
position  y  fixed  (ys;0.S),  and  keep  strain  and  defects  out  of 
Ino.j  ( Alj,Ga,  _  ,  )o,  j  QWH’s  grown  on  GaAs  substrates. 
Hence,  for  various  reasons  pertaining  to  crystal  quality  and 
as  yet  uncertain  energy  band  properties,  it  is  not  known  what 
the  shorter  wavelength  limits  might  be  for  this  system  for  use 
as  a  room-temperature  (300  K)  continuous  (cw)  laser.  In 
the  present  letter  we  denuNistrate,  on  photopumped 
Ino.5  ( Al;,Ga,  _  ^  )o.3  P  QWH  samples,  cw  3(X)  IC  stimuli^ 
emission  to  wavelengths  as  short  as  623  nm.  Pulsed  diode 
laser  operation  (300  K)  at  the  same  wavelength  occurs  at 
/— 10*  A/cm*. 

The  epitaxial  In,  _,(AI,G8,  .^l^P  layers  are  grown 
lattice  matched  ( y=:0.S)  on  an  n-type  (I(X))  GaAs  sub¬ 
strate  with  the  use  of  a  horizontal  MOCVD  ( MO  VPE )  reac¬ 
tor."  Trimethylaluminun  (TMAI),  trimethylgallium 
(TMGa),  trimethyiindium  (TMIn),  and  PH,  are  used  as 
the  sources  for  the  primary  crystal  components  Al,  Ga,  In. 
and  P,  respectively.  Hydrogen  selenide  and  dimethylzinc  are 
used  as  n-  and  p-type  dopant  sources.  Figure  I  shows 

*’  Kodak  feUow. 

Shell  feUow. 


a  scanning  dectron  mkroscope  (SEM)  image  (cross 
section)  of  the  active  region  of  the  p-n  doped 
Inaj(Al,Ga,  _,)asP-Ino5(Al^Ga,_„.)o.,P  QWH  laser 
crystal  of  interest,  llie  quantum  well  active  region  consists 
of  ( 1 )  a  1.0 /<m  x-type  lower  confining  layer  (x  s  0.8),  (2) 
an  undoped 0.2 /<m  symmetric  waveguide  region  (x  »  0.6S) 
with  a  200  A  quantum  well  (x  «0.2)  at  its  center,  (3)  a  1.0 
fitn p-type  upper  confining  layer  (x  1 ),  and  (4)  a  0.3  fim 
p-type  GaAs  contact  layer.  The  crystal  surface  exhibits  a  fine 
croMhatched  pattern  (not  shown),  which  indicates  that  this 
crystal  is  not  completely  lattice  matched.  This  is  a  known 
sign  of  strain  and  defects.  "''*  As  a  consequence  of  strain  and 
defects,  the  QWH  crystal  of  Fig.  1  exhibits  higher  laser 
threshold  than  desired  ( Figs.  2  and  3 )  and  relatively  poor  cw 
3(X)  K  operating  lifetime  (photopumped  sample  of  Fig. 

3)14.13 

Fgure  2  shows  the  spectral  behavior  of  an  oxide 
stripe  laser  (20  x  400  pm*)  fabricated  on  the 
Ina3(Al;,Ga,  _,)o.,PQWHofFig.  I.  The  oxide  stripe  laser 
diodes'*  are  fabricated  by  first  depositing  1000  A  of  Si02  on 
the  p-type  side  of  the  wafer  (via  chemical  vapor  deposition) 
and  by  then  defining  20^m-wtde  stripe  openings.  After  a 
shallow  Zn  diffusion  step  ( 1000  A),  the  wafer  is  thinned 
to  100pm,  and  contacted  with  Cr-Au  (evaporated)  on  thep 
side  and  Ge-Au  (evaporated  and  alloyed)  on  then  side.  TIk 
wafer  is  cleaved  to  give  cavity  lengths  of  — 4(X}  pm.  The 
finished  diode  of  Fig.  2  is  pulse  excited  ( 1(X)  ns,  300  iC).  At 
300  mA  (6x  10*  A/cm*)  the  spontaneous  emission  peak 
occurs  at  633  nm  [l.96eV,  curve  (a)].  Band  filling  occurs  at 
higher  current,  and  at  900  mA  [  10* A/cm*,  curve  (b)  ]  spec- 


F1C.  I.  Scannini  electron  mkraacope  (SEM)  imafc  showini  in  cron 
lection  the  active  region  at  t  p-it 
In,  _ ,( AI.Ga, . .  ),P-In, , ,( Al.  Oa,  . .  ),P  quantum  neil  heteramruc- 
ture  ( QWH )  grown  latticed  matched  on  OaAt  wit  h  the  use  of  metalortanie 
chemical  vapor  deposition  (MOCVD).  The  layer  compoeitions  (x)  are  in¬ 
dicated  along  the  left  edge. 
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Data  are  {wesentad  shoiriaf  the  impurity-indttced  layer  dnoideriiig  (IILD).  via  low* 

tempeiatnie  (tiOO-675  *C)  Za  diAisioo.  of  loa,  (Al.Ga, ..  lasP  quantum  wdl 

heterostmcturea  aad  aa  looj  A]ojOao.jP*GaAs  heterojuaction  (rowa  using  metalorganic 
ffinnM  vmpnr/Upnaitian.  Socnodary  ion  msM  spectroecopv.  tiansmisiuon  electroa 
aticroaoopy,  and  photoluniineacence  are  used  to  confirm  IILD,  which  occurs  via  atom 
intermixing  on  the  crdumn  III  site  aided  by  column*ni*atom  interstitials.  In  additKMi.  high* 
temperature  »«n*!al»  (800-850  *C)  are  performed  on  the  same  crystals  to  confirm  the  thomal 
stability  of  the  heteromterfoces. 


The  ln,(Al,Ga,_,),_,P  alloy  lattice  matched  to 
GaAs  (jrsO.S)  is  an  important  light'cmitting^tem  since  it 
allows  laser  operation  at  a  shorter  wavelen^  than  the 
AlOaAsOaAs  system.  Continuous  (cw)  room*tempera* 
ture  (300  K)  laser  diode  operation  has  already  been 
achieved  at  wavelengths  ~68(X)  A.'"*  as  well  as  cw  300  K 
photopumped  laser  operation  of  quantum  wdl  heterostruc¬ 
tures  (QWH’s)  at  6250  A.’  Of  the  difierent  types  of  stripe 
laser  structures  possible  in  (InAlGa)P,  the  buried  hetero- . 
structure  is  most  desirable  since  the  built-in  optical  wave¬ 
guide  can  result  in  stable  radiation  patterns,  and  both  carrier 
and  optical  confinement  give  the  potential  for  low  threshold 
currents.  Impurity-induced  layer  disordering  (IILD).*^ 
with  its  Al-Oa  interdifoision  and  energy-gap  increase,  has 
proven  to  be  an  effective  process  for  the  fabrication  of  low 
threshold  Al,Ga,_,As-GaAs  QWH  buried  heterostruc¬ 
ture  laser  diodes.  The  fact  that  IILD  promotes  Al-Ga  inter- 
dilfosion  at  AIGaAs-GaAs  heterobarriers  suggests  that  the 
same  mechanism  will  be  effective  in  (InAlGa)P.  which  has 
not  been  previously  established  and  is  the  subject  of  this  pa¬ 
per.  We  report  daU  on  the  impurity-induced  layer  disorder¬ 
ing.  via  Zn  diffusion,  of  Ino,,(Al^Ga,_;^)ft,P- 
Inft5(Al,Ga,.,)a3P  QWH’s  and  also  an 
Ino,5(Alo«Gao.*)a5P-<5aAs  heterqjunction.  For  Zn  diffu¬ 
sion  temperatures  ~600  *C  the  layer  disordering  occurs  on 
the  column  III  site  and.  consistent  with  other  data,*"'*  can  be 
accounted  for  by  a  mechanism  involving  column  III  intersti¬ 
tials. 

The  crystals  used  in  this  study  are  undoped  and  are 
grown  using  metalorganic  chemical  vapor  deposition 
(MtXVD).'^  The  growth  takes  place  in  a  horizonul  reac¬ 
tor  using  sources  of  trimethylaluminum.  trimethylgallium, 
trimethylindium,  PHj ,  and  AsH) .  The  IILD  Zn  diffusions 
(600-675  *C)  are  carried  out  in  scaled  ampoules  with  diffu¬ 
sion  sources  of  either  ZnASj  or  elemental  Zn  and  P,  with 
little  difference  in  the  IILD  results.  Besides  IILD  with  lower 
temperature  Zn  diffusion,  higher  temperature  anneals  also 
have  been  performed  at  815-850  *C  with  only  a  phosphorus 


overpressure  to  investigate  the  thermal  stability  of  tbeheter- 
oatructiires. 

The  samples  have  been  analyzed  using  secondary  km 
mass  spectroscopy  (SIMS),  transmission  electron  micros¬ 
copy  (TEM),  and  pbotoluminescence.  Wafers  are  prepared 
for  photolufflinescence  and  laser  operation  (77  K)  by  re¬ 
moving  the  GaAs  substrate  and  any  GaAs  cap  layers  or  buff¬ 
er  layers,  and  then  thinning  the  remaining  epitaxial  layers 
suffidently  to  give  a  1-2  ^m  sample  thicknen.  Cleaved  sam¬ 
ples  are  heat  sunk  in  In  under  a  sapphire  window  and  excited 
with  an  Ar'’'  laser  (5145  A). 

Figure  1  (a)  shows  SIMS  profiles  of  At  and  Ga  concen¬ 
tration  versus  depth  for  an  as-grown  Ino.,  ( Al;..Ga,  .«•  )a5P‘ 
Inaj(Al,C}a,.,)ajP  QWH.  The  structure  consisu  of 
Ino.)(Ala9Gao.i  lasP  confining  layers  with  an 
Ino  j  ( Ala?  Gao ,  )o  ?  P  waveguide  region  of  -0.2  /tm  thick¬ 
ness.  and  a  sin^e  Ino.,  ( Alo,i  Gaa*  lasP  Q^  0.6 /im)  of 
thickness  200  A  at  the  waveguide  center.  The  lasing  wave- 


OuSh(Mm) 


FIG.  I.  SIMS  profiles  of  the  Al  and  Oa  ooncenlfatioM  of  an 
IiV„(AI„,Oaoj)o,P-liv„(Alo.Oao,)«sP  O^H  (the  confinHig  layers 
areIn,,(Alo,Gan,),,P|  for  (a)  the  at-trown  crystal,  (b)  after  thermal 
anneaiinf  (830 *C  lOhl.and  (c)  after  ZndilFlisioaal  620*0  ( 10 h).  The 
QWH  remains  intact  for  the  high-temperature  anneal  (b)  but  is  unstable 
against  the  much  lower  temperature  Zn  dHftision  (c). 
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Data  are  presented  showing  that  low-temperature  Zn  diffusion  (680  *C)  is  effective  in  reducing 
the  dislooition  density  in  epitaxial  GaAs  grown  on  Si.  The  GaAson-Si  is  analyzed  using  both 
cross-sectional  and  plan-view  transmission  electron  microscopy.  For  comparison,  simple 
thermal  annealing  of  the  GaAs-on-Si  at  higher  temperature  (8S0  *C)  is  also  performed  and 
analyzed.  The  reduction  in  the  dislocation  density  that  occurs  with  Zn  diffusion  is  suggested  to 
be  due  to  the  increased  concentration  of  point  defects  generated  during  the  Zn  diffusion, 
resulting  in  enhanced  dislocation  climb.  This  mechanism  is  consistent  with  impurity-induced 
layer  disordering,  via  Zn  diffusion,  in  Al;,Gai  _  .  As-GaAs  heterostructures. 


If  GaAs  grown  epitaxially  on  Si  is  to  become  more  than 
just  of  research  interest,  and  is  to  realize  its  potential  as  a 
sturdier  GaAs  “substrate”  or  a  combined  GaAs  optoelec- 
tronic-Si  electronic  material,  then  the  high  defect  (disloca¬ 
tion)  density  in  the  epitaxial  GaAs  caused  by  the  4% 
GaAs-Si  lattice  mismatch  must  be  reduced.  The  nature  of 
this  problem  has  been  discussed  elsewhere,'  as  well  as  var¬ 
ious  attempts  to  reduce  the  defect  density  by  relatively  high- 
temperature  annealing  procedures.'"'  Thermal  annealing  is 
to  some  extent  an  effective  procedure  for  reducing  defects  in 
GaAs-on-Si  but  of  itself  may  not  be  sufficient.  Also,  in  many 
cases  higher  temperature  annealing  may  not  be  desired.  In 
any  ca.se,  other  methods  to  reduce  the  defects  in  GaAs-on-Si 
are  needed.  In  this  letter  we  describe  impurity  diffusion 
(Zn)  into  GaAs-on-Si  at  lower  temperatures  (680 'C)  that 
is  effective  in  removing  defects  (dislocations).  The  possibil¬ 
ity  is  discussed  that  the  point  defects  generated  during  the 
Zn  diffusion  and  the  mechanisms  responsible  for  impurity- 
induced  layer  disordering  in  AI,Ga, .  ^As-GaAs  hetero- 
structures  play  a  role. 

The  samples  used  in  this  study  consist  of  ~  2-/im-thick 
GaAs  epitaxial  layers  grown,  by  molecular  beam  epitaxy 
(MBE).  on  Si  substrates  tilted  3*  from  (I00|  orientation 
toward  the  (Oil).  The  MBE  crystal  growth  has  been  de¬ 
scribed  previously.'  Briefly,  a  nucleation  layer  of  GaAs 
—  500  A  thick  is  grown  at  a  temperature  of  500  °C.  The 
growth  temperature  is  then  ramped  to  575  °C  and  held  con¬ 
stant  for  the  remaining  GaAs  crystal  growth.  The  resultant 
layer  has  a  sn'ooth,  featureless  surface  morphology.  Al¬ 
though  it  is  widely  appreciated  that  for  GaAs  grown  on  Si 
the  crystal  quality  improves  (less  dislocations)  in  the  GaAs 
material  further  from  the  GaAs-Si  interface,  the  relatively 
thin  epitaxial  layers  used  here  (  —  2/im )  are  grown  basically 
to  serve  as  a  buffer  layer  for  the  subsequent  growth  of  an 
AI,Ga,  .  ,As-GaAs  laser  structure.* 

Zinc  diffusion  using  a  ZnAs,  source  is  performed  into 
GaAs-on-Si  in  a  sealed  quartz  ampoule  at  a  temperature  of 
680  *C  ( 6  h ) .  or  even  lower.  Further  thermal  annealing  with 


simply  an  excess  As  overpressure  has  also  been  performed  on 
both  Zn-diffused  wafers  (8S0‘C,  0.5  h)  and,  for  compari¬ 
son,  on  as-grown  (undiffused)  wafers  (8S0*C,  O.S  h  and 
680  *C,  6  h).  The  GaAs-on-Si  material  has  been  analyzed 
using  transmission  electron  microscopy  (TEM).  Figure  1 
shows  TEM  cross  sections  of  (a)  the  as-grown  GaAs-on-Si, 

(b)  a  sample  aOer  thermal  annealing  at  680  *C  (6  h),  and 

(c)  another  sample  after  Zn  diffusion  at  680  *C  (6  h).  The 
cross  sections  show  that  even  a  simple  thermal  anneal  at 
680  *C,  Fig.  I  (b),  is  to  some  extent  effective  in  reducing  the 
dislocation  density  in  GaAs-on-Si.  However,  Zn  diffusion 
for  the  same  time  and  temperature.  Fig.  I  (c),  is  much  more 
effective  than  a  simple  thermal  anneal.  Zinc  diffusion  (Fig. 
1(c)]  results  in  a  greatly  reduced  dislocation  density  com¬ 
pared  to  the  as-grown  epitaxial  GaAs-on-Si,  Fig.  1(a),  and 
compared  also  to  the  simple  thermal  anneal,  Fig.  1(b).  In 
analyzing  GaAs  grown  on  Si  substrates  misorientated  from 
( 100]  toward  (01 1  ],  we  see  significant  differences  in  defect 
densities  when  viewing  the  sample  in  perpendicular  (110) 
directions,  e.g.,  directions  either  parallel  or  perpendicular  to 
the  substrate  tilt  direction.’  Both  directions  have  been  ana¬ 
lyzed,  with  Fig.  1  showing  in  each  case  the  highest  disloca¬ 
tion  densities.  The  largest  difference  in  defect  density  for  the 
two  different  directions  is  found  for  the  as-grown  wafer.  Fig. 
1(a),  while  for  the  Zn-diffused  GaAs-on-Si,  Fig.  1(c),  little 
difference  in  defect  densities  is  found  for  the  two  perpendicu¬ 
lar  directions. 

Figure  2  shows  TEM  cross  sections  of  the  same  GaAs- 
on-Si  wafer  after  (a)  a  thermal  anneal  at  850  ’C  (0.5  h),  (b) 
the  Zn  diffusion  (Fig.  l(c)l  at  680 ’C  (6  h),  and  (c)  an 
850  *C  (0.5h)  thermal  annealofawafer  which  has  been  first 
Zn  diffused  at  680  ‘C  (6  h).  Note  that  the  low-temperature 
Zn  diffusion  (680  *C),  Fig.  2(b),  is  more  effective  in  remov¬ 
ing  dislocations  than  the  significantly  higher  temperature 
anneal  at  850 *C  shown  in  Fig.  2(a).  The  850 *C  (0.5  h) 
anneal  of  the  Zn-diffused  GaAs-on-Si  shows  a  further  reduc¬ 
tion  in  dislocations  at  the  GaAs-Si  interface.  Cracking  of  the 
2-^m-thick  Zn-diffused  GaAs  epitaxial  layer  is  also  found 
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Data  are  presented  and  a  model  describing  the  diffusion  of  the  donor  Si  in  GaAs  from  grown* 
in  dopant  sources.  In  addition,  the  effects  of  background  impurities  on  Si  diffusion  and  layer 
interdiShaon  in  Al„Ga,  _ As-GaAs  supeiiattices  are  described.  These  results  are  obtain^  on 
epitaxial  GaAs  samples  with  alternating  doped  and  undoped  layers  and  on 
Al.Ga,  _;,As-GaAs  superlattices  with  dop^  (Si  or  Mg)  layers.  The  layer-doped  GaAs  and 
the  Al;,Gai  _  ^As-GaAs  superlattkes  have  been  grown  using  metalorgank  chmical  vapor 
deposition  and  are  characterixed  using  secondary  ion  mass  spectroscopy  and  transmission 
etoron  microscopy.  Different  annealing  conditions  are  used  to  study  the  interaction  between 
the  grown-m  impurities  and  the  native  defects  of  the  crystal  controlling  the  diffusion  processes. 
The  model  describing  the  impurity  diffusion  and  layer  ( Al-Ga)  interdiffusion  is  based  on  the 
behavior  of  colunrn  III  vacancies,  Vm  ,  and  column  III  interstitials,  /...  ,  and  the  control  of 
their  concentration  by  the  position  of  the  crystal  Fomi  level  and  the  crystal  stoichiometry. 
Experimental  data  show  that  n-type  Al„Ga|  _  ^As-GaAs  superlattices  undergo  enhanced  layer 
interdiffusion  because  of  increased  solubility  <A  the  defect,  while  enhanc^  layer 

interdiffusion  in  p-type  superlattices  is  caused  by  an  enhanced  solubility  of/,,, .  The  model 
mployed  is  consistent  with  the  experimental  data  and  with  the  data  of  previous  work. 


I.  INTRODUCTION 

The  A],Ga,  As-GaAs  crystal  system  is  important  for 
use  in  a  large  range  of  lattice-matched  heterostructure  de¬ 
vices.  Because  of  the  good  lattice  match  between  AlAs  and 
GaAs,  it  is  possible  to  grow  readily  thin  layered  structures, 
including  quantum-well  heterostructures  (QWHs),  across 
the  whole  range  of  AI„Ga,  _;,As  alloy  compositions.  The 
study  of  impurity  diffusion  (dopants)  in  this  alloy  system  is 
important  not  only  because  semiconductor  devices  are 
usually  based  around  critically  placed p-n  junctions,  but  also 
because  it  has  been  found  that  the  diffusion  of  impurities 
through  AI,Ga,  As-GaAs  heterojunctions  can  influence 
the  self-diffusion  rate  (interdiffusion  rate)  of  A1  and  Ga 
atoms  across  heterobarriers. '  *  The  modem  capability  to 
grow  thin  layered  structures,  along  with  now  the  knowledge 
that  impurities  promote  interdiffusion  of  primary  crystal 
components,  makes  it  possible  to  study  the  self-diffusion  of 
the  column  III  atoms  in  III-V  crystals  (Al^Ga,  _,As).This 
gives  added  insight  into  the  nature  of  the  important  defects 
governing  both  impurity  diffusion  and  self-diffusion  in  III-V 
crystals. 

In  this  paper  we  present  newer  data  on  the  diffusion  of 
the  donor  Si  in  GaAs  from  grown-in  impurity  sources 
(layered  sources)  and  show  that  these  data  are  consistent 
with  previous  studies  of  Si  diffusion  from  external  sources, 
e.g..  Si  deposited  on  the  crystal  surface.  ’*’  We  also  present 
data  on  the  effect  of  grown-in  impurities  ( Mg  or  Si)  on  layer 
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interdiffusion  in  Al;,Ga,  As-GaAs  superlattices  (SLs),* 
along  with  a  model  of  how  impurity  (dopant)  atoms  and 
crystal  annealing  conditions  can  influence  the  column  III 
atomic  self-diffusion  rates.  These  ideas  are  shown  to  be  con¬ 
sistent  with  previous  experimental  data  on  both  impurity 
diffusion  and  layer  interdiffusion  (layer  intermixing)  in 
Al^Ga,  As-GaAs  quantum-well  heterostructures 
(QWHs). 

II.  EXPERIMENTAL  PROCEDURE 

The  crystals  used  in  this  work  have  been  grown  in  an 
EMCORE  GS-3000  reactor  using  metalorganic  chemical 
vapor  deposition  (MCXTYD).'*  First,  we  investigate  the  ef¬ 
fects  of  the  annealing  environment  on  the  diffusion  of  Si 
from  localized  grown-in  sources  (layered  sources)  in  GaAs. 
Two  crystals  are  examined  that  are  grown  at  6S0*C  on 
(lOO)  GaAs  substrates.  Four  Si-doped  layers  of  thickness 
—  lOIX)  A  each  separated  by  —  3000  A  of  undoped  GaAs  are 
incorporated  in  the  two  crystals.  In  the  doped  regions  the 
SiH,  dopant  flow  is  adjusted  to  give  an  electron  concentra¬ 
tion  of  n, ~4xl0"*  cm“’  in  the  first  wafer  and  n, 
~\.lX  10'*  cm~’  in  the  second.  These  concentrations  are 
determined  with  a  POLARON  PN  4200  capacitance-vol¬ 
tage  ( C-  fO  electrochemical  profiler.  Both  the  as-grown  and 
the  thermally  annealed  crystals  (diffused  wafers)  are  ana¬ 
lyzed  using  secondary  ion  mass  spectroscopy  (SIMS).  The 
atomic  Si  concentration  ( )  measured  by  SIMS  is  found  to 
follow  closely  the  change  in  electron  concentration  mea¬ 
sured  by  C-K  profiling,  showing  that  most  of  the  atomic  Si  is 
incorporated  as  donors. 
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Date  are  presented  demonstnttng  ooottnuotts  (cw)  3(X)  K  operation  of  p-fl 

AIxOa,  _  ,  As-OaAs  quantum  urdl  heterostructure  laaen  grown  on  Si  a^  &bricated  with 

natuiaOy  occurring  microcracka  tunning  parallel  to  or  perpendicular  to  the  laser  stripe. 

Operation  for  over  17  h  is  demonstrated  for  a  diode  with  a  paiaOd  microcnidc  inside  the  active 
region.  Diodes  with  microcracks  perpendicular  to  the  laser  stripe  exhibit  tdatively  ‘’square” 
light  output  versus  current  (£•/)  characteristica  and  spectral  b^vior  indicating  internal 
reflections  involving  coupled  multiple  (intenud)  cavities.  The  lasers  have  operated  (cw,  300 
K)  as  long  as  16  h. 


Since  the  earlier  succesafiil  fabtkatioo  of  lU'V  semicon¬ 
ductor  lasers  grown  on  Si  substrates,'-^  there  has  been  con¬ 
tinued  interest  in  improving  the  performance  of  these  de¬ 
vices  beyond  simply  pulsed  300  K  operation.^*  We  have 
recently  achieved  continuous-wave  (cw)  room-temperature 
operation  of  AJ.Oai  _,As-GaAs  lasers  grown  on  Si.  initial¬ 
ly  in  photopumped  operation*-*  and  also  as  p-n  laser  di¬ 
odes.*-*  To  date,  Al^Gai  _  ,  As-GaAs  laser  dioto  grown  on 
Si  have  been  operated  cw  room-temperature  for  over  10  h.* 
Other  workers  have  also  reported  cw  room-temperature  op¬ 
eration  ofAljGa,  .j,As-GaAs  lasers  grown  on  Si  but  a]^>tf- 
ently  not  for  times  beyond  4  min."*-"  Gearly  miyor  prob- 
lems  face  the  GaAs-Si  system:  Al.Ga,  _„As-GaAs  lasers 
grown  on  Si  ate  mismatched  4%  in  lattice  size  rdadve  to  Si 
and  exhibit  a  —23096  difference  in  thermal  expanskm.  At 
the  III-V  crystal  growth  temperature  the  large  lattice  mis¬ 
match  relative  to  Si  is  accommodated  by  a  high  density  of 
dislocations.  When  the  system  is  cooled  to  room  tempera¬ 
ture,  the  large  difference  in  thermal  expansion  results  in 
highly  strained  epitaxial  lII-V  layers.  Although  the  III-V 
epitaxial  crystal  quality,  measured  in  terms  of  dislocation 
density,  improves  further  from  the  GaAs-Si  interface,  Um 
strain  in  the  epitaxial  layers  increases  as  the  layer  thickness 
increases.  Above  a  certain  thickness  microcracks  form  in  the 
epitaxial  layer  and  to  some  extent  relieve  the  strain.  It  is  the 
^ect  of  these  mkrocracks  on  the  performance  of  the  laser 
diodes  grown  on  Si  that  is  at  issue  in  this  letter.  Weshowthat 
the  microcracking  occurring  in  Al^Ga,  _;.As-GaAs  lasers 
grown  on  Si  can  have  a  dominant  effect  on  the  spectral  char¬ 
acteristics  of  these  devices.  Also,  the  microcracking  is  shown 
to  have  no  particularly  deleterious  effect  on  the  laser  devices 
in  terms  of  threshold  or  operating  lifetime  and,  in  fact,  may 
offer  some  benefit  by  providing  strain  relief. 

The  crystal  growth  and  device  fabrication  used  in  this 
study  have  been  described  previously***  and  will  be  reviewed 
only  briefly.  First  a  2  /tm  GaAs  n-type  («*  — 10'*  cm~*) 
buffer  layer  is  grown  directly  on  the  n^-Si  substrate  using 


molecular  beam  epitaxy  (MBE).  The  wafer  is  then  trank- 
fened  to  a  metalorganic  diemical  viqm  dqwaitioa 
(M<3CVD)  growth  system  in  which  an  Al^Ga,  _  ^Aa-GaAs 
p-ff  single  quantum  well  (QW)  separate  confinement  laser 
structure  is  grown.  The  total  thickness  of  the  ni-V  qiitaxial 
layers  (MBE -t-  MOCVD)  is  —5pm.  Laser  diodes  are  fob- 
ricated  by  defining  10-pm-wide  oxide  stripe  openings  to  con¬ 
tact  thepside(epitas^  layer  side).  Thep-skle  metallization 
consistsof250AofCr  followed  by  1(XX)  A  of  Au.  The  n  side 
is  contacted,  via  the  n'‘'-Si  substrate,  using  a  S(X)  A  alloyed 
A1  metallization  on  the  Si  followed  by  230  A  of  Cr  and  1000 
A  of  Au.  Typical  pulsed  thresholds  of  these  devices  are  90- 
1 10  mA  for  330-pm-long  cavities.  For  cwoperatkm  the  laser 
diodes  are  mounted  on  a  copper  block  eitliCT  in  a  “junction- 
up”  or  “Junction-down”  configuration.  It  has  been  shown 
that  cw  operation  in  the  “junction-up”  configuration  is  aid¬ 
ed  in  part  by  the  higher  thermal  conductivity  of  the  Si  sub¬ 
strate.* 

We  have  previously  found  that  when  the  total  Ill-V  e|»- 
taxial  layer  thickness  is  —  lOpm,  cracking  and  severe  warp¬ 
ing  occur  in  the  epitaxial  layers.*  For  a  total  thickness  of  —  3 
pm  only  a  few  microcracks  are  observed  in  the  top-surfme 
III-V  epitaxial  layer  after  crystal  growth.  However,  when 
the  wafer  is  cleaved  into  smaller  pieces  to  process  into  laser 
diodes,  the  flexing  of  the  Si  substrate  together  with  the  built- 
in  strain  in  the  epitaxial  material  can  introduce  a  high  den¬ 
sity  of  microcracks  in  the  final  III-V  laser  structure.  These 
microcracks  run  in  the  <  1 10)  directions  and  are  typically 
spaced  —20-300  pm  apart  in  areas  of  the  crystal  in  which 
the  microcracks  are  densi^  Therefore,  there  is  a  significant 
probability  for  some  of  thw  microcracks  to  be  either  paral¬ 
lel  to  the  laser  stripe  (near  or  even  within  it),  cm- be  perpen¬ 
dicular  to  the  laser  stripe.  For  example.  Fig.  1  showsapfaoto- 
graph  of  a  microcrack  ruiming  along  the  inside  of  an  oxide 
stripe  opening,  and  thus  in  the  laser  active  region.  The  quan¬ 
tum  well  heterostructure  laser  oTFig.  i  is  shown  after  metal¬ 
lization,  and,  even  through  the  230  A  of  Cr  and  1000  A  of 
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Thtrinal  behavior  and  stabHfty  of  room-temperature  continuous  Ref.  u 
AIjrOai.jrAa-GaAs  quantum  weii  heterostructure  iasers  grown  on  Si 

O.C.  Hal.D.Q.  0«pp«.«ndN.  Hok)nyak.Jr. 
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HmhabIbamrdiLahontaif,  Uttktn^tflttiaobat  UftoMhCkampaigii.  Urbaua,  Mimtts  61901 
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(Received  7  1988;  aooqited  for  pubIketioB  13  June  1988) 

Oett  arc  preiented  on  the  thermel  eharacteristics  of  Al,  0*1  As-OeAs  quantum  wdl 
heteroatructure  (QWH)  diode  laaen  grown  on  S  subatrates.  Cmdnoous  300-K  operation  for 
over  10  h  ia  demonstrated  fiir  laten  mounted  with  the  junction  fide  away  from  the  heat  sink 
(*^functioii-up’*)  and  the  heat  diasipamd  throu^  the  Si  substrate.  “Junction-up”  diodes  that 
are  grown  on  Si  substrates  have  measured  thermal  impedances  that  ate  38%  lower  than  those 
grown  on  OaAs  substrates,  with  fiirther  reductsoos  possibie.  Thermal  impedance  data  <» 

‘^junctioo-down”  diodes  are  presented  for  comparison.  Measured  values  ate  consistent  with 
calculated  values  for  these  structures.  Low  soisitivity  of  the  lasing  threshold  current  to 
temperature  is  also  observed,  as  is  typical  fot  QWH  lasers,  with  To  values  as  high  as  338  *C. 


LINTflOOUCTION 


The  growth  of  III-V  semiconductors  on  Si  is  currently 
receiving  much  attention  because  Si  substrates  are  cheaper, 
sturdier,  and  have  better  thermal  properties  than  III-V  semi- 
oonductor  substrates  and  because  III-V  devices  are  capable 
of  light  emission  and  higher  speed.  Now  III-V  semkxmduc- 
tor  devices  potentially  can  be  merged  with  more  highly  de¬ 
veloped  Si  integrated  circuit  technology.  Despite  the  large 
crystal  lattice  mismatch  (4%)  and  the  dilTerence  in  the  ther¬ 
mal  expansion  coefficients  of  GaAs  and  Si,  which  result  in 
high  drfect  densities  in  the  epitaxial  GaAs,  recent  progress 
in  the  study  of  Al^Ga,  _;,As-GaAs  heterostnictures  and 
quantum  well  heterostnictures  (QWHs)  grown  on  Si  sub¬ 
strates  indicates  considerable  promise  for  this  hybrid  tech¬ 
nology. 

Device-quality  GaAs  must  have  reasoiubly  low  defect 
densities,  particularly  for  injection  devices,  as  it  has  been 
shown  that  the  formation  and  propagation  of  dislocation 
networks  depends  primarily  upon  carrier  recombination 
rather  than  upon  current  flow.'  Perhaps  the  most  demand¬ 
ing  test  of  the  GaAs-on-Si  material  is  that  of  continous  (cw) 
300-K  laser  operation  of  a  Ill-V  QWH  grown  on  a  GaAs-on- 
Si  substrate.  Continuous  300-K  laser  operation,  the  most 
severe  test,  was  first  achieved  (though  not  reliably)  for  a 
photopumped  multiple  well  A^Ga,  .^As-GaAs  quantum 
well  heterostructure  laser  grown  on  GaAs-on-Si.*  By  simpli¬ 
fying  the  structure  to  a  single  GaAs  quantum  well,  Nam  e/ 
al.  reduced  the  number  of  active  region  interfaces  threaded 
by  dislocations,  thus  making  lower  threshold  and  more  reli¬ 
able  (cw,  300  K)  photopumped  laser  operation  possible.^  By 
utilizing  such  a  single-well  structure  with  p  and  n  doping, 
Deppe era/,  (spring,  1987)  realized  the  first  room-tempera¬ 
ture  cw  p~n  diode  AI,Ga,  _  ,  As-GaAs  QWH  iasers  grown 


on  GaAs-on-Si.^  Operation  for  over  4  h  has  been  demon¬ 
strated.*  Another  latoratory  later  reported  presumably  cw 
room-temperature  operation^;  a  further  report  indicated 
-S-min  operatkm.*  These  developments,  along  with  earlier 
reports  of  pulsed  laser  (q>eration,*~'^  suggest  that  practical 
high  level  Alj,(3a,  .^As-GaAs  diodes  grown  on  Si  sub¬ 
strates  can  indeed  be  realized. 

In  the  present  work  we  describe  further  progress  in  the 
cw  3(X}-K  operation  of  Al.Ga,  .^As-GaAs  QWH  lasen 
grown  on  Si.  including  the  important  demonstration  that  cw 
300-K  laser  operation  is  possible  with  the  diode  heat  sunk 
from  the  side  of  the  Si  substrate  ("juoctkm-up”)  and  mt 
with  the  III-V  semiconductor  active  layers  mounted,  as  usu¬ 
al,  downward  on  the  heat  sink  (“junctfon-down”).  In  the 
“junction-up”  configuration  over  10  h  of  cw  300-K  laser 
operation  is  demonstrated.  This  is  potentially  very  impor¬ 
tant  if  III-V  optoelectronics  is  to  be  successfully  integrated 
with  Si  technology,  where  integrated  circuit  (IC)  style  pro¬ 
cessing  may  necessiute  that  most  lasers  fabricated  on  an 
integrated  optoelectronic  “chip”  will  have  the  junction  re¬ 
gion  (the  active  region)  turned  upward  and  not  downward 
on  a  heat  sink.  This  increases  the  importance  of  the  issue  of 
thermal  impedance,  which  is  a  measure  of  how  well  the  heat 
generated  in  a  laser  diode  is  dissipated.  The  stability  of  the 
laser  diodes  of  the  present  work,  and  of  Refs.  S  and  6,  makes 
it  possible  to  perform  more  extensive  characterization  mea¬ 
surements  on  these  diodes.  In  this  paper  the  thermal  charac¬ 
teristics  of  these  diodes  are  examined.  Measurements  and 
calculations  of  thermal  impedance  are  presented  for  Ga.As- 
on-Si  and  GaAs-on-GaAs  lasers  mounted  both  junction-up 
and,  for  comparison,  junction-down.  We  show  that  the  ther¬ 
mal  impedance  of  junction-up  lasers  is  reduced  by  the  higher 
conductivity  Si  substrates.  Also  presented  are  measurements 
showing  the  temperature  sensitivity  of  the  lasing  threshold 
current  for  the  QWH  GaAs-on-Si  diodes. 
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8liort-wav«length  (56400  A)  room-temperature  continuous  operation 
of  p-n  liias<AI;rG4i-jr)asP  lasers 
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(Received  S  July  1988;  accepted  for  poUicatioD  6  September  1988) 

Data  are  pfesented  demonstrating  short-wavelength  (S6400X)  continuous  (cw)  laser 
operatioo  of p-n  diode  Ina5  ( Al,Ga,  _  ,  )ajP  multiple  quantum  well  heterostructure  (QWH) 
lasers  grown  lattice  matoh^  on  GaAs  substrates  using  metalorganic  chemical  vapor 
deposition.  In  the  range  from  —  30  XT  to  room  temperature  (RTs3(X)K,^s;639S  A)  the 
thttshcdd  current  density  changes  from  2.3x  10*  A/on*  (  —  30*C)  to  3.7x  10*  A/cm*  (RT, 

3(X)  K).  The  cw  300  K  photopumped  laser  operation  of  the  same  quaternary  QWH  crystal  is 
an  order  ci magnitude  tower  in  threshold  (7x  10*  W/cm*,/^  ~2.9x  10*  A/cm*)  than 
pcevtously  reported  for  this  crystal  system,  and  agrees  with  the  successful  demonstration  td'  cw 
300  K  laser  <Uodes  at  this  short  wavelength. 


Since  the  time  ofthe  first  semiconductor  lasers  (1962),'  In,  _,(Al.Ga,  .,),P  layers  are  trimethylindium,  trimeth- 

an  important  goal  has  been  to  achieve  continuous  (cw)  ylgallium,  trimethylaluminum,  and  phosphine  (PHj ).  Zn 

room-temperature  (300  K)  operation,  not  only  at  longer  for  p-type  doping  and  Te  for  n-type  doping  are  provided  by 

wavelengths,  but  also  at  shorter  wavelengths  (visible  wave-  dimethylzinc  and  diethyltdluride,  re^>ectively.  Figure  1 

lengths).*  In  ternary  III-V  semiconductots  the  shortest  shows  schematically  the  layer  structure  in  the  active  region 

wavekngtb  stimulated  emission  occurs  in  the  In,_,Ga,P  ofthe  crystals  used  in  these  experiments.  Carrier  and  optical 

system.*-*  Aluminum  substitution  for  Gain  this  system  (as  is  confinement  are  provided  by  a  1.0  pm  p-type 

known  from  Al^Ga,  _.As)*'*  leads,  without  lattice  change,  Inas  (Alo.*Gao ,  )olsP  UPP"  and  an  n-type  lower  confining 

to  the  higher  gap  quaternary  In,  _,(Al,Ga,  _,),P*  and  layer.  The  crystal  composition  is  Unearly  graded  towards  the 

thus,  by  varying  x,  to  the  possibility  of  higher  gap  hetero-  active  region,  which,  in  its  center,  consists  of  four 

structures.  Of  further  importance,  the  development  of  Ino,5(Alo.2Gao.t)o.5^  1*****^***** ^ 

metatorgank  chemical  vapor  deposition  (MOeVD)*  makes  “***  separated  by  three  100  A  (Lg)  Ino.5(Alg,5ChV).5)o.sP 

rioaaible  both  A1  substitution  in  In,  _,Ga,P  and  the  con-  barriers.  The  upper  confining  layer  is  capped  by  a  heavily 

stroction  of  In,  _  ,  ( Al.Ga,  _  ,  ),P  quantum  well  hetero-  Zn-doped  contact  layer. 

structures  (QWWs),  including,  above  ail,  the  practical  case  Before  stripe  geometry  diodes  are  assembled  on  these 

ofthe  quaternary  layers  lattice  matched  (ysO.3)  on  a  GaAs  crystals,  the  bottom  substrate  and  intermediate  buffer  layers 

substrate.  A  major  problem  is  how  to  accomplish  this  with-  removed,  as  well  as  the  top  contact  layer,  and  the  QWH 
out  variation  in  the  composition  y  (ysO-S)  between  layers  crystal  is  evaluated  by  photopumping.  The  crystal  is  pre- 

(i.e.,  without  strain  generation),  and  at  composition  values  pared  for  photopumping  by  first  removing  the  contact  layer 

X  giving  higher  energy  gaps  ( >  1.91  eV).  A  number  of 
workers*''*  have  reported  some  degree  of  success  in  con¬ 
structing  visible  spectrum  In,  _,(Al,Ga, _j,),P  hetero¬ 
structure  lasers.  Recently  we  have  ^own  for  the  •no.5(AixGai-*)o.5P  p-»>0WH(4L2-»3Lb) 
simpler  case  of  “super^  heat  sunk  photopumped 
Itio.,  ( Al^  Ga,  _  ^  )a  j  P  QWH’s  that  cw  3(X)  K  laser  operation 
is  possible  at  wavelengths  as  short  as  6230  A,'*  unfortunate¬ 
ly,  however,  at  thresholds  an  order  of  magnitude  too  high  for 
cw  300  K  laser  diode  operation.  In  the  present  letter  we  show 
that  In,25(Alj,Ga, QWH’s  can  be  improved  sufli- 
ciently  to  give  cw  300  K  diode  laser  operation  at  wavelengths 
S  6400  A,  or  near  that  of  the  He-Ne  laser. 

The  epitaxial  layers  for  these  laser  structures  are 

grown  on  (100)  n-type  GaAs  substrates  by  metalorganic  no.  l.  Schoiuic  distram  showing  the  active  legion  of  a  p-n 
chemical  vapor  deposition  (MOCVD)  in  a  horizontal  IiVv,(AI.Oa, multiple  quantum  well  heterostnicture  (QWH) 
reactor.  Sources  for  the  constituents  of  the  various  grownlatticematchedtoaGaAssubstrateviametalorganiccImicalvapor 

deposition  (MOCVD).  The  active  region  consists  offourJOOA  (£,)  quan¬ 
tum  weib  (a— 0.2)  sepanted  by  three  100  A  (£,)  barriers  (x-~0.5),  nrith 

-  symmetric  upper  (p-type)  and  lower  (n-type)  linearly  graded  (x-0.9- 

”  Kodak  Doctoral  Fellow.  0.3)  oonllnement  layers. 
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Damaged  and  damage-free  hydrogenation  of  GaAs:  The  effect  of  reactor  Ref .  i6 
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(Received  16  May  1988;  accepted  for  puUicatiOQ  28  July  1988) 

The  effccta  on  GaAs  hydrofenatioa  of  two  difTerent  rf  reactor  t]rpes  are  investigated,  one  a 
paralld'piate  reacOMr  with  a  capadtiveiy  coupled  diachaige  and  the  other  an  inductively 
coupled  system.  The  atomic  hydrogen,  disaoeiated  in  the  plasma  of  either  system,  passivates 
impurities  in  GaAs.  The  plasma  in  the  capaddvdy  coupM  discharge  reactor  devdops  a  large 
self-bias  relative  to  the  sample  and  large  ion  energies  ( ~  100  eV),  resulting  in  significant 
etching  of  the  GaAs  suiftoe.  In  spite  of  the  suifiKe  erodofi,  passivation  of  donors  by  hydrogen 
rfimwing  into  the  material  is  obsoved.  The  sample  hydrogenated  in  the  inductivdy  coupled 
discharge  {kT,/q  <  1-2  eV)  is  not  etched,  exhibiting,  nevertheless,  a  comparable  passivation  of 
donors.  Hydrogomtion  without  sutfisoe  damage  is  accomplished  with  the  sample  in  the  glow 
discharge  of  an  iruluctivdy  coupled  reactor  but  not  in  a  capacidvdy  coupled  discharge. 


I.  INTRODUCTION 

The  effects  (^incorporating  atomic  hydrogen  into  GaAs 
have  recendy  been  documented.  Among  the  effects  investi¬ 
gated  is  the  tendency  for  atomic  hydrogen  to  passivate  shal¬ 
low-donor  levels'*^  and  acceptor  leveb^'*  in  GaAs.  Also  ob¬ 
served  is  a  reduction  in  the  concentration  of  deep  levels.*  The 
passivation  of  acceptors,  pardculariy  in  Al,Ga,_,As, 
creates  resistive  matoial  which,  of  course,  has  technological 
importance.  By  masking  the  hydrogenation  process  with 
SiO] ,  we  are  aUe  to  demonstrate  stripe-geometry  gain-guid¬ 
ed  lasers  in  the  Al.Ga,  _  ,  As-GaAs  system.*** 

To  introduce  the  atomic  hydrogen  into  the  material,  the 
sample  is  placed  within  a  vacuum  chamber  and  a  hydrogen 
plasma  is  generated.  A  common  geometry  used  is  a  parallel- 
plate  arrangement  where  the  rf  power  is  capadtiveiy  coupled 
to  the  plasma.  '-*’*  The  sample  is  placed  on  the  grounded  elec¬ 
trode.  In  the  parallel-plate  geometry,  the  grounded  electrode 
acts  as  the  cathode  for  one-half  the  rf  cycle,  and  in  the  ab¬ 
sence  of  a  self-bias  on  the  driven  electrode  the  accompanying 
cathode  sheath  is  equal  in  magnitude  to  the  peak  rf  voltage. 
Of  course,  a  dc  bias  forms  on  the  driven  electrode  and,  as  a 
consequence,  the  cathode  sheath  at  the  grounded  electrode  is 
less  than  one-half  of  the  peak-to-peak  rf  voltage.  Despite  this 
fact,  the  kinetic  energy  acquired  by  the  H'*'  ions  accelerated 
across  the  sheath  towards  the  grounded  electrode  is  signifi¬ 
cant.  The  collisions  between  the  high-energy  ions  and 
the  GaAs  sample  lead  to  some  damage  of  the  GaAs  surface.* 
The  directed  motion  of  ions  is  useful  if  crystal  etching  is 
desired,  particularly  in  reactive  ion  etching;  however,  the 
ions  are  not  necessary,  nor  is  etching  desired,  in  the  hydro¬ 
gen  passivation  process.  In  some  reports  precautions  have 
been  taken  to  remove  the  sample  from  the  discharge  to  avoid 
the  damage  by  ion  bombardment  and  the  UV  radiation  of  the 
discharge.* 

We  have  experimented  with  hydrogenation  of  GaAs  us¬ 
ing  an  inductively  coupled  discharge.  One  intent  has  been  to 


maintain  a  high  degree  of  passivation  while  eliminating  tlw 
siurfime  damage  that  is  incurred  using  the  paralld-plate  ar¬ 
rangement  The  means  by  which  an  inductivdy  coupled  dis¬ 
charge  is  sustained  leads  to  a  high  percent  dissociation  of 
molecular  hydrogen,  making  available  an  abundance  of 
atomic  hydrogen  to  neutralize  the  dopant  sites  in  GaAs.  The 
high-voltage  sheath  inherent  in  the  parallel-plate  arrange¬ 
ment  is  eliminated  in  an  inductivdy  coupled  discharge. 
Therefore,  hydrogenation  of  GaAs  in  an  inductively  coupled 
discharge  can  be  performed  while  preserving  the  original 
crystal  surface  topology. 

IL  EXPERIMENT 

The  extent  and  depth  to  which  the  dopants  in  the  crystal 
are  passivated  using  tte  two  discharge  configurations  is  ex¬ 
amined  using  both  n-type  GaAs  (Uo*  =  1-2X 10'*  cm~*) 
and  p-type  GaAs  (Um,  »  lo'*  cm~*).  The  samples  are 
maintained  at  a  temperature  of 250  *C  during  a  lO-min  plas¬ 
ma  exposure.  Capacitance  versus  voltage  (C-V)  measure¬ 
ments  are  performed  to  determine  the  free-carrier  concen¬ 
tration  in  the  GaAs  both  before  and  after  plasma  exposure. 
The  decrease  in  the  free-carrier  concentration  gives  an  indi¬ 
cation  of  the  effidency  of  the  hydrogenation  process  in  the 
two  discharge  arrangements. 

To  determine  the  amount  of  crystal  etching  that  occurs 
on  exposure  to  the  discharge  arrangements,  samples  consist¬ 
ing  of  1-pm-thick  layers  of  GaAs  separated  by  layers  of 
Al.Ga, _,As  are  used.  The  Al.Ga, .^As  layers  serve  as 
convenient  “markers.”  By  comparing  the  thickness  of  the 
surface  layer  of  GaAs  after  exposure  to  the  plasma  to  the 
thickness  of  the  unexposed  GaAs  layers,  we  determine  how 
much  of  the  surface  GaAs  layer  has  been  etched.  In  this  way, 
a  scanning  electron  microscope  (SEM)  micrograph  of  the 
samples  after  exposure  to  the  plasma  yields  an  accurate  mea¬ 
sure  of  the  GaAs  etch  rate.  The  dependence  of  the  etch  rate 
on  sample  temperature  is  measured  by  performing  the  hy- 
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ComfMMlton  of  Slui-Siy  and  Siw-Vu,  diffusion  modeia  in  lil-V  hoterostructures 
lattico  matched  to  QaAs 
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(Received  20  July  1988;  accepted  for  poUicatioa  19  September  1988) 

ThediAiaioaofSiui'.Siv  aeetral  pain  venue  the  diftntoa  of  Sim 'Vm  complexes  in  III*V 
oystals  is  compaied  in  the  li^t  ^experimental  dau  sboering  the  effect  of  Si  diftiskm  on  sdf- 
difltastaa  of  oohimn  III  and  column  V  lattioe  atoms.  Secondary-ion  mass  spectroscopy  is  used 
tooomparetheenhaaceddifftasionofcoiamnllloraduninVatomsinaevetaldiffefentSi- 
dilBisedhcterostnictiiresclosdy  lattice  matched  to  OaAs.  Enhancement  of  the  lattice-atom 
sdf-diflhaion,  via  impurity  difoision,  is  found  to  occur  predominantly  on  the  column  III 
lattice.  Supporting  the  Si|||-V,„  diflkision  modd,  these  data  indicate  that  the  main  native 
defects  accompanying  the  Si  ddfosion  are  oolumn  III  vacancies,  which  direcdy  on  the 

ctrfuinn  III  snUattke. 


Impurity-induced  layer  disordering  (IILD)  in  III-V  he- 
terostructures*  has  attracted  interest  not  only  fw  reasons  of 
device  bbrication  but  also  for  fundamental  studies  tff  impu¬ 
rity  dilfosion,  self-diffoaion,  and  crystal  defects.  Although 
the  effects  of  many  different  impurities  in  IILD  have  been 
investigated.  Si  has  been  found  to  be  the  most  versatile  and 
effective  in  layer  intermixing.  It  has  been  studied  as  a  diffei- 
sant  from  the  crystal  surface,^  as  an  implanted  impurity,* 
and  as  a  grown-in  dopant.*  In  spite  of  the  many  studies  dt 
IILD  and  also  the  role  of  Si  in  III-V  diffusion  processes, 
uncertainty  remains  as  to  the  crystal  mechanisms  that  gov¬ 
ern  these  processes.  Greiner  and  Gibbons  have  proposed 
that  the  Si  impurity  diffoses  in  GaAs,  and  presimiably  in 
Al;,Ga,  _j,As,  as  nearest  neighbor  neutral  pairs,  i.e;,  as 
Sic-SiA..*  This  model  was  proposed  before  it  was  known 
that  the  Si  impurity  causes  layer  intermixing  when  diffosed 
into  Al.Ga,  _^As-GaAs  quantum  well  heterostnictures 
(QWHs).*  Although  it  has  been  shown  that  Si  diffoskm 
must  occur  in  the  QWH  for  layer  intermixing  to  take  place,* 
a  detailed  mechanism  of  how  the  Si„|-Siv  pair  might  cause 
the  layer  disordering  has  not  been  proposed.  In  spite  of  this, 
the  Ckeiner  and  Gibbons  neutral  pair  Si  division  modd  has 
found  widespread  acceptance.*''*’ 

A  second  diflbsion  modd  proposed  by  some  the  pres¬ 
ent  authors  maintains  that  the  Si  impurity  difUises  as  a  com¬ 
plex  of  a  Si  dmior  and  a  column  III  vacancy,  i.e.,  as 
Si|||-V„,."~'*  Although  the  model  is  consistent  with  the 
available  experimental  data  involving  both  Si  diffusion  and 
the  layer  intermixing,  additional  experimental  data  charac¬ 
terizing  both  the  Si  diffusion  and  its  effect  on  the  III-V  crys¬ 
tal  self-diffusion  would  be  hdpfitl.  In  this  letter  we  present 
experimental  data  on  the  effect  of  Si  diffusion  on  column  1(1 
and  on  column  V  lattice  atom  sdf-diffusion  in  IIl-V  hetero¬ 
structures  that  are  closely  lattice  matched  to  GaAs.  We  re¬ 
late  these  data  to  proposed  modeb  of  both  IILD  and  Si  diffu¬ 
sion  in  GaAs. 

The  crystals  used  in  thb  study  have  been  grown  on 


(100)  GaAs  substrates  using  metalorganic  chemical  vapor 
deposition.  Three  different  heterostmctures  are  used.  The 
ffrstban  undoped  superlattice  (SL)  consisting  of  36  periods 
of  the  four  layers  AlAs( 60  A.)-AL,Gaff,A%^ (18S 
A)-A1As(60  A)-GaAs  ( 190  A).  The  second  wafer  b  a  lat- 
tice-fflatched  Ina2Gao.tAs^iPas*^3aAs  hetercjunction  in 
which  the  InoijC^sAsaLsPas  epitaxial  layer  b  —0.7  ftm 
thidc.  The  third  crystal  b  an  Inas  Alo.}  Oso.}  P-GaAs  hetero¬ 
junction.  Silicon  dURisioo  into  these  crystab  has  been  per¬ 
formed  in  sealed  quartz  ampoules  with  excess  vapor  pres¬ 
sures  of  a  combinidion  of  As  and  P.  The  difoision  source 
consists  of  an  elemental  byer  of  Si  (—200  A)  deposited  on 
the  crystal  sutftce.  The  beterostructures  are  analyzed  using 
secondary-ion  mass  spectroscopy  (SIMS). 

Figure  1  shows  SIMS  profiles  of  the  Aland  P  for  the  36 
period  SL  for  both  the  as-grown  crystal.  Fig.  l(a),and  after 
Si  diffusion  for  9  h  at  800  *C  Fig.  Kb),  in  which  the  Si 
difoises  about  halfWay  through  the  SL.  Profiles  of  the  SL 
that  has  been  sim|dy  thermally  annealed  (no  Si  difftision) 
for  12  h  at  825  *C  (data  not  shown)  remain  almost  identical 
to  those  of  the  as-grown  crystal.  Fig.  1(a).  Thb  verifies  that 
the  change  in  the  A1  and  P  profiles  (the  byer  intmdifftision) 
seen  in  Fig.  1(b)  b  in  fact  brought  about  by  the  Si  difftision 
in  these  byers.  Note  that  while  the  Si  difftision  totally  inter¬ 
mixes  the  column  III  bttice  atoms  A1  and  (3a  [the  Ga  not 
shown  in  Fig.  1(b) )  as  expected  from  previous  experi¬ 
ments,*  considerable  modubtion  remains  for  the  column  V 
atoms  (As  and  P)  as  is  evident  from  the  P  profile.  An  accu¬ 
rate  comparison  between  the  amount  of  interdiffusion  for 
the  two  subbttices  b  difficult  to  make  in  thb  structure. 

Figure  2  shows  SIMS  data  on  a  second  crystal,  an 
f>V)jGA).»ASo5Po.5-<3aAs  heterojunction.  Figure  2(a) 
shows  profiles  of  the  bttice  constituents  after  a  simpte  ther¬ 
mal  anneal  of  6  h  at  850  *0,  whUe  Fig.  2(b)  shows  profiles 
for  the  heterqjunction  after  Si  diffusion  for  6  h  at  850  *C. 
Obvious  in  Fig.  2(b)  b  the  miqor  enhancement  in  the  In 
diffusion  into  the  GaAs  substrate  crystal  and  the  smoothing 


2211 


Appl.Pttys.  Lett  S3  (22).  28  November  1988  0003-6951/88/48221 1-03801 .00 


®  1988  American  msetuie of  Physics  22ii 


Ref.  18 


Atom  dHTusion  and  Impurity-induced  layer  disordering  in  quantum  well 
Itl-V  semiconductor  heterostructures 
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(Received  S  May  1988;  accepted  for  pubiication  22  August  1988) 

The  process  of  impurity-induced  layer  dtsotdering  (IILD)  or  layer  iatennixing,  in 
Al^Gai  _;,As-OaAs  quantum  wdl  heterostructures  (QWHs)  ami  superlatdces  (SLs),  and  in 
related  III-V  quantum  wdl  heterostructures,  has  developed  extensively  and  is  reviewed.  A 
large  variety  of  experimental  data  on  IILD  are  discuaaed  and  provide  newer  information  and 
(hither  perspective  on  crystal  sdf-dillhsion.  impurity  dilfhsion,  and  also  the  important  ddect 
mechatrisms  that  control  diffusion  in  Al;,Ga,  _.As-GaAs,  and  in  related  III-V 
semioonductois.  Based  on  the  behavior  of  Column  III  vacancies  and  Column  III  interstitials, 
modds  for  theciystd  sdf-dilfhsion  and  impurity  diffusion  that  describe  IILD  are  reviewed 
and  discussed.  Bmuse  impurity-induced  layer  disordering  has  proved  to  be  an  important 
method  for  III-V  quantum  well  heterostructure  device  &brication,  we  also  review  the 
^>|dication  of  IILD  to  several  different  laser  diode  structures,  as  well  as  to  passive  waveguides. 

We  mention  that  it  may  be  possible  to  realize  even  more  advanced  device  structures  using 
IILD,  for  example,  quantum  well  wires  or  quantum  well  boxes.  These  will  require  an  even 
greater  understanding  of  the  mechanisms  (crystal  processes)  that  control  IILD,  as  well  as 
require  more  refined  methods  of  pattern  defiiution,  masking  procedures,  and  crystal 
processing. 
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I.  INinOOUCTION 

Since  the  discovery  of  impurity-induced  layer  disorder¬ 
ing  (IILD)  in  1980  by  Laidig  et  al.'  in  an  attempt  to  modify 
undoped  Al^^Ga,  _j,As-GaAs  superlattices  (SI^)  to  doped 
SLs  (for  phonon  experiments),^  there  has  been  a  growing 
research  effort  to  understand  disordering  mechanisms,  to 
understand  the  crystal  and  defect  diffusion  processes  inher¬ 
ent  in  layer  disordering,  and  to  utilize  the  IILD  process  for 
device  fabrication.  Laidig  et  al.'  found  that  the  layers  of  an 
AlAs-GaAs  superlattice  (SL)  are  unstable  against  Zn  diffu¬ 
sion  and  intermix,  thus  yielding  bulk,  undamaged,  homoge¬ 
neous  material  of  an  Al  composition  average  to  that  of  the 
original  SL.  This  process  occurs  at  temperatures  much  less 
than  those  necessary  for  ordinary  thermal  interdiffusion  of 
the  layers  of  an  undoped  SL,^  which,  of  course,  makes  IILD 
especially  interesting  and  important.  Since  the  Zn  diffusion 
can  easily  be  masked  at  the  crystal  surface,  as  in  Fig.  1,  the 
impurity-induced  layer  disordering  allows  desired  regions  of 
quantum  well  heterostructures  (QWHs)  to  be  alter«l  in  ef¬ 


fective  energy  gap  and  refractive  index.*  Figure  2  shows  the 
energy  shift  directly  (in  this  case  a  visual  color  shift)  for 
selective  IILD  via  Si  diffusion  in  an  Alo«Gao.4As- 
GaAs  SL.’  The  IILD  is  performed  in  a  dot  pattern,  as  might 
be  important  in  forming  an  array  of  quantum  well  (QW) 
“dots,”  and  visible  spectrum  light  is  transmitted  through 
disordered  portiotu  of  the  crystal.  Regions  where  IILD  has 
shifted  the  ^ective  energy  gap  to  higher  energies  appear  red, 
a  true  color  shift,  while  other  areas  of  the  crystal  appear  dark 
due  to  QW  band-to-band  absorption  of  the  visible  spectrum 
light  in  the  intact  SL. 

Based  on  the  results  of  Ref.  1,  it  was  appreciated  imme¬ 
diately  that  impurity  implantation,  specifically  Si  implanta¬ 
tion  (with  subsequent  annealing  of  damage),  could  used 
to  intermix  Al.Ga,  As-GaAs  heteroboundaries  and  lay¬ 
ers.*  Besides  the  success  of  Si  implantation,**’  Camras  et  al.* 
showed  that  the  Zn  impurity  also  could  cause  disordering 
when  implanted  into  an  Al^Ga,  _  ,  As-GaAs  SL  that  is  then 
annealed  to  remove  damage.  Smee  this  early  work,'**  many 
different  methods  and  impurities  (or  defects)  have  been 
found  to  effect  IILD  and  the  selective  intermixing  of  III-V 
QWHs  or  SLs.  Several  different  impurities  such  as  the  do¬ 
nors  Si,’*’  00,'°  S,"  Sn,”  and  Se,”  as  well  as  the  acceptors 
Zn,'  Be,'*  and  Mg,”  have  been  found  to  cause  layer  inter¬ 
mixing  either  when  diffused  into  the  QWH,  or  during  post- 
growth  annealing  for  the  case  when  the  impurities  are  grown 
into  the  crystal.  Gavrilovic  et  al.'^  showed  that  layer  inter¬ 
mixing  could  result  from  the  annealing  of  lattice  damage  due 
to  ion  implantation.  The  ion  implantation  of  many  different 
atomic  species  (not  necessarily  dopants)*  has  been  found  to 
induce  layer  intermixing. '  In  addition,  Epler  et  al.  '*  have 
shown  that  laser  melting  can  be  used  to  incorporate  (selec¬ 
tively)  Si  to  a  shallow  depth  in  an  Al^^Ga,  As-GaAs 
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Data  are  presented  showing  that  GaAs,  _  grown  on  GaAs  1^  metalorgank  chemical  vapor 

deposition  (MOCVD)  at  rdativeiy  low  temperature  ( ~640*C)  exhibits  ordering  on  the 
column  V  sublattice.  These  data,  with  electron  diffiraction  dam  and  impurity-induced  layer 
disordering  data,  show  that  column  III  site  and  column  V  site  ordering  is  possible  for  the 
quaternary  InGaAsP  grown  on  GaAs  by  MOCVD  at  relatively  low  temperature  ( —640  *C). 
Ordered  InOaAsP  grown  on  GaAs  shifts  in  photduminescence  wavriength  — 130  meV  higher 
in  energy  with  disordering  by  annealing  or  1^  impurity-induced  intermixing. 


Since  the  first  reprnls  of  ordering  in  III-V  semiconduc¬ 
tors,  specifically  in  the  ternary  AlGaAs,'  ordering  has  been 
observed  in  many  other  III-V  ternary  alloys.^~*  Mainly  the 
ordering  occurs  on  the  column  III  sul^ttice,  but  only  for  the 
case  of  GaAsSb  lattice  matched  to  InP  has  it  been  observed 
on  the  column  V  site.*  Column  III  ordering  has  also  been 
observed  in  the  quaternary  alloy  InGaAsP  grown  on  InP 
substrates.*  In  the  quaternary  alloy  the  interesting  possibil¬ 
ity  exists  of  both  sublattices  being  ordered.  We  present  data 
indicating  that  this  possibility  may  indeed  be  the  case  for 
InGaAsP  layers  grown  lattice  matched  to  GaAs  at  relatively 
low  temperature  ( ~640*C)  by  metalorganic  chemical  va¬ 
por  deposition  (MOCVD).^Toshowthat  As-P  (colunm  V) 
ordering  in  III-V  alloys  can  occur,  we  also  present  data 
showing  ordering  in  the  GaAsP  ternary  alloy,  which,  inci¬ 
dentally,  is  an  old  problem.* 

Showing  that  the  column  V  site  is  ordered  in  InGaAsP  is 
at  best  a  diflicuit  task  because  it  is  not  obvious  how  to  distin¬ 
guish  clearly  the  difference  between  the  column  V  and  col¬ 
umn  III  electron  diffraction  patterns,  which  in  the  present 
work  are  (Stained  via  trannnission  electron  microscopy 
(TEM).  In  order  to  show  that  column  V  site  ordering  is 
possible  (As  and  P  ordering),  it  is  necessary  to  remove  the 
ambiguity  between  column  III  and  column  V  ordering. 
Since  there  is  no  column  III  ordering  possible  in  the  ternary 
GaAsP,  we  have  decided  first  to  check  this  alloy  grown  on 
GaAs  and  see  if  it  exhibits  any  ordering  phenomena. 

Figure  1  shows  electron  diffraction  patterns  for  a  ( 1 10) 
cross  section  of  (a)  an  In,  _,Gaj,ASj,P,  (jc~0.75, 
y~0.45)  epilayer  and  (b)  a  GaAs,  (x~0.55)  epi- 
layer.  Both  layers  are  grown  via  MOCVD  in  an  Emcore  GS 
3000  DFM  reactor  on  GaAs  substrates.  The  epitaxial  layer 
growths  are  carried  out  at  100  Torr  at  a  temperature  of 
640  *C.  The  growth  rate  is  1  yum/h  and  the  V/III  ratio  is 
~  150.  The  two  sets  of  extra  diffraction  spots  seen  in  Fig. 
1  (b)  clearly  show  ordering  of  the  column  V  site.  This  dif¬ 
fraction  pattern  is  very  different  from  the  pattern  observed 
for  GaAsSb  grown  on  InP,*  indicating  a  different  type  of 
column  V  ordering  is  present  for  GaAsP  grown  on  GaAs. 
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The  diffraction  pattern  for  the  InGaAsP  layer  [Fig.  1  (a)  ]  is 
nearly  identical  to  the  pattern  for  the  GaAsP  with,  however, 
two  major  exceptions.  First,  the  intenuty  of  the  extra  spots  is 
much  stronger  throughout  the  entire  sample.  Second,  the 
brightest  set  of  extra  spots  is  clearly  skewed  in  the  [iTS] 
direction  as  indicated  by  the  alignment  marks  [Fig.  1  (a)  j 
aroui^  the  1/2  ill  satellite  diffraction  spot.  In  contrast,  the 
1/2  ill  spot  on  the  GaAsP  diffraction  pattern  is  not  skewed. 
In  Fig.  2(a)  the  InGaAsP  image  (TEM  cross  section)  is 
formed  by  using  the  skewed  1/2  ill  spot  with  the  g  vector 
indicated,  and  antiphase  boundaries  of  the  ordered  quater¬ 
nary  normal  to  the  [  iTs]  direction  (small  arrow)  are  clearly 
evident  The  as-grown  InGaAsP  [Fig.  2(a)  ]  can  be  viewed 
as  a  pseudosuperlattice,  and,  of  course,  will  change  its  effec¬ 
tive  energy  gap  if  it  then  is  disordered.* 

Recently  it  has  been  shown  that  Zn  diffusion  into  or¬ 
dered  InGaP  will  cause  the  structure  to  become  the  random 
alloy'*  in  the  same  way  as  Zn  diffusion  into  an  ALAs-GaAs 
superlattice  will  cause  the  layers  to  intermix  and  disorder.* 
In  both  cases  the  Zn  diffusion  eliminates  the  atomic  order  on 
the  column  III  lattice  sites,  with  an  undetermined  effect  on 
the  column  V  lattice  sites.  In  contrast,  recent  work  on  Zn 
diffusion  into  InAlGaP-GaAs  heterolayers  indicates  that 
the  column  V  site  is  relatively  “untouched”  (unaffected)  by 
Zn  diffusion. ' '  If  this  behavior  is  general,  Zn  diffusion  into  a 
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FIG.  I.  Diffractioii  pattenn  on  ( 1 10)  cron  sectkms  for  (a)  InGaAsP  and 
(b)  GaAsP  epitaxial  layen  grown  on  ( 100)  GaAs  substrates  by  MOCVD. 
The  1/2  ill  sattelitediffractionspotof  (a)  is  skewed  along  the  ( lTS|  direc¬ 
tion. 
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For  shorter  wavdongth  Usen  (\<000  nm),  the  niost  prospective  III-V  alloy  system  it  In,...Ca..P  lattice  matched  to  (3aAs 
(y  -  OJ)  and  its  variant,  the  case  of  Al-Oa  substitution,  lno.s(Al^Ga|  .j,)ojF'  We  report  the  growth  of  quantum  well  heterostruc- 
tures  (QWHs)  in  this  system  by  metalorganic  vapor  phase  epitaxy  and  the  photopumped  (77  K)  laser  operation  of  InAlGaP  QWHs  at 
wavdengths  ranging  from  the  orange  to  the  green  portions  of  tte  spectrum.  Continuous  wave  (CTW)  photopumped  laser  operation  at 
77  K  is  achieved  in  the  range  from  -  370.0  to  -  330.0  nm  (2.173  to  2.234  eV),  and  pulsed  operation  to  wavdengths  as  short  as  343.0 
nm  (2.283  eV).  Room  temperature  pulsed  laser  operation  is  demonstrated  in  the  range  from  -  610.0  to  390.0  nm  (2.032  to  2.101  eV). 
The  shortest  lastng  wavdengths  observed  at  77  K  (343.0  nm  pulsed  and  333.0  nm  CW)  and  at  300  K  (393.0  nm  pulsed  and  623.0  nm 
CW)  represent  the  highest  energy  lasers  yet  reported  for  this  material  syswm.  or  for  any  III-V  alloy  system.  This  paper  will  describe 
the  epitaxial  layers  grown,  the  characterization  of  these  layers  using  a  variety  of  techniques,  induding  TEM,  and  the  laser  operation 
experiments  and  results. 


1.  Introdiictioa 

The  quateraary  alloy  InQj(Al;.Ga,_j,)o.}P  is  the 
most  prospective  material  for  short  wavelength 
(A  <  6(X)  nm)  visible  lasers  and  light  emitting  di¬ 
odes,  owing  to  its  large  direct  bandgap  energy  (up 
to  2.26  eV)  and  its  ability  to  form  high  efficiency 
double  heterostructure  (DH)  devices  lattice 
matched  to  a  GaAs  substrate.  Because  of  the 
thertnodynamic  stability  of  AlP  relative  to  InP, 
metalorganic  vapor  ptu^  epitaxy  (MOVPE),  one 
of  the  kinetically-controUed  growth  processes,  was 
anticipated  to  become  a  very  useful  technique  for 
the  growth  of  InAlGaP  [1].  To  date,  after  exten¬ 
sive  research  efforts,  high  quality  materials  have 
been  successfully  grown  by  both  atmospheric  [2-4] 
and  low  pressure  [5-7]  MOVPE.  Room  tempera¬ 
ture  CW  operation  of  InGaP/ InAlGaP  DH  laser 
diodes  has  been  reported  by  several  groups  [4-6]. 


The  emission  wavelengths  of  these  red  lasers  were 
between  670  and  690  nm.  Investigations  of  single 
[8]  or  multiple  [9]  quantum  well  heterostructures 
(QWHs)  with  InGaP  active  layers  have  resulted  in 
somewhat  reduced  ( ~  660  nm)  emission  wave¬ 
length. 

In  order  to  produce  lasers  emitting  in  the  orange 
(  ~  620  nm)  and  yellow  (  -  580  nm)  portions  of  the 
visible  spectrum,  and.  more  importantly,  to  study 
the  short  wavelength  limit  of  this  material  system, 
it  is  necessary  to  grow  a  high  quality  In^sfAl, 
Ga,_j,)o5  P  quaternary  active  layer  with  high 
aluminum  composition  (0.2  <x  <  0.6).  Efforts  so 
far  have  yielded  pulsed  [10]  and  CW  [11]  77  K 
laser  operation  at  around  580  nm  (x  -  0.3)  and 
pulsed  3(X)  K  laser  operation  at  626.2  nm  (x 
-  0.17)  [12], 

One  of  the  major  difHculties  cited  in  these 
studies  for  reducing  laser  emission  wavelength  is 
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and  (A1.0a,.,)ojIiio.jP  grown  by  laeialHXfaaic  chemical  vapor  deposiiioii  (MCX^'D)  at  lempeniures  below 
700*C  show  an  ordered  amnaement  of  the  aroop  III  atoms  on  the  column  III  sublattice.  A  periodic  compositional  modidatioa 
alona  the  growth  dinction  is  also  observed  under  certain  growth  condiiions.  This  paper  presenu  data  showing  that  epitaxial  layers  of 
both  Ga0.tIn0.5P  and  (AliGa,.;,)ojInosP  grown  on  (001)  GaAs  substrates  and  containing  the  ordered  phase  can  be  converted  to 
disordered  aOoys  by  thermal  annealifig  under  a  variety  of  cooditioos  at  terttperatures  not  exceeding  the  growth  lemperatuie.  The 
disappearaiiGe  of  the  ordered  phase,  as  detenmned  by  TEM.  is  accompanied  by  a  shift  of  the  bandgap  to  higher  energy  by  w  90  meV. 
ChtotlBos^  *>id  (Al.Ga,.,)ojIno.]P  have  been  annealed  in  sealed  ampoules  under  the  following  conditions:  (1)  thermal  anneal 
with  P4  overpressure.  (2)  Zn  diffusion  with  ZntP,  only,  and  (3)  Zn  diffusion  with  both  ZnjP:  and  P4.  Similar  bandgap  shifu  are 
obtained  under  all  three  conditions.  It  is  further  shown  (hat  selective  disordering  with  either  Zn  or  P4  can  be  achieved  by  using  a 
patterned  dielectric  mask.  The  relative  stabilities  of  (he  random  and  the  ordered  alloys  are  discussed  in  light  of  these  disordering  data. 


1.  IntroductkNi 

The  bandgap  energy  (£,)  of  Ga0.jIn0.5P  grown 
lattice-matched  on  (001)  GaAs  substrates  by 
metalorganic  chemical  vapor  deposition  (MOC- 
VD)  has  been  found  to  be  lower  than  that  of 
crystals  grown  by  liquid  phase  epitaxy  (LPE)  by 
more  than  SO  meV,  depending  on  the  growth 
conditions,  i.e.,  the  growth  temperature  and  the 
V/III  ratio  in  the  gas  phase  [1-3].  At  the  same 
time,  transmission  electron  microscopy  (TEM) 
studies  of  Gao.jlno.sP  grown  by  MOCVD  at  tem¬ 
peratures  below  700  **€  reveal  an  anomalous  dif¬ 
fraction  pattern  [6-8]  in  the  (110>  orientation, 
with  additional  strong  extra  spots  halfway  be¬ 
tween  the  diffraction  spots  from  the  zinc  blende 
(ZB)  matrix,  suggesting  a  preferential  ordering  of 
the  In  and  Ga  atoms  on  the  column  III  sublattice. 


No  additional  diffraction  spots  were  observed  in 
the  orthogonal  (lIO)  orientation.  The  ordered 
structure  was  found  to  be  trigonal  with  In-Ga 
ordering  occurring  on  {111}  planes  [6,7].  Gao 5 
I“o.5P  grown  by  MOCVD  at  700®  C,  on  the  other 
hand,  exhibits  a  diffraction  pattern  of  only  the  ZB 
matrix,  indicating  a  nearly  random  arrangement 
of  In  and  Ga  atoms  on  the  column  III  sublattice, 
and  has  a  band  gap  coinciding  with  that  of  LPE- 
grown  crystals  [2]. 

Recently,  it  has  been  shown  by  TEM  and  pho¬ 
toluminescence  (PL)  [7]  that  Zn  diffusion  from  a 
ZnjP;  source  converts  the  ordered  distribution  of 
Ga  and  In  atoms  on  the  column  111  sublattice  in 
as-grown  GaojIno  jP  to  a  random  alloy,  with  a 
simultaneous  shift  of  £,  to  higher  energy  by  «  90 
meV.  In  the  present  work  we  extend  these  studies 
to  the  quaternary  alloy  (Al  ,Ga ,  _ ,  )„  5 Ino  j P,  which 
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DEPTH-DEPENDENT  NATIVE-DEPECT-INDUCED  LAYER  DISORDERING  IN 
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Abstract 

Photoluminescence  measurements  on  annealed  single-well 
quantum-well  heterostructures  demonstrate  that  layer  disordering  caused  by 
native  defects  is  strongly  depth  dependent.  The  depth-dependent  layer 
disordering,  as  well  as  the  corresponding  depth-dependent  net  carrier 
concentration,  is  a  consequence  of  the  re-equilibration  of  the  vacancy  and 
the  ASqx  anti-site  native  defect  concentrations  via  the  crystal  surface. 
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The  effects  of  hydrogenation  and  subsequent  annealing  on  unintentionally 
doped  GaAs  layers  grown  directly  on  Si  substrates  by  metalorganic  chemical 
vapor  deposition  have  been  characterized  by  capacitance-voltage  measurements, 
Hall  effect  measurements,  transmission  electron  microscopy  (TEM)  and  energy 
dispersive  spectroscopy  (EOS).  Significant  reduction  of  the  carrier 
concentration  in  the  GaAs  layers  after  hydrogen  plasma  exposure  is  obtained. 
TEM  shows  that  the  hydrogen  plasma  slightly  etches  the  surface  of  the  GaAs 
layers,  and  EOS  demonstrates  that  the  etched  area  becomes  arsenic  deficient 
and  contains  minute  Ga  particles.  In  addition,  atomic  hydrogen  diffuses 
deeply  along  threading  dislocations  and  microtwin  interfaces  into  the  GaAs 
layers  and  reacts  with  GaAs  locally  around  the  defects. 
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Role  of  Native  Defects  in  Al-Ga  Interchange  and  Layer  Disordering  in 
Alj^Ga^_^As  Quantum  Well  Heterostructures 
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ABSTRACT:  Data  are  presented  demonstrating  the  effects  of  growth 

parameters  (Fermi-level  and  V/III  ratio)  and  annealing  conditions 
(surface  encapsulants  and  As^  pressure)  on  Al-Ga  interdiffusion  in 
MOCVD  grown  Alj^Gaj^_^As-GaA8  QWHs. 


1 .  INTRODUCTION 

As  suggested  by  Laidig  et  al  (1981),  impurity-induced  layer  disordering 
(IILD)  has  important  consequences  for  fabrication  of  thin  layer 
Al^Gaj_^Aa-GaAs  buried  heterostructure  devices.  In  order  to  realize  fully 
the  potential  of  IILD  it  is  necessary  to  better  understand  the  Al-Ga 

interchange  mechanism.  In  the  experiments  described  here  Al^Gaj_^As-GaAs 
superlattices  (SLs)  and  ‘'Ingle-well  quantum  well  heterostructures  (QWHs) 
grown  by  metalorganic  chemical  vapor  deposition  (MOCVD)  are  used  to  study 
Al-Ga  interdiffusion.  Photoluminescence  (PL),  transmission  electron 
microscopy  (TEM) ,  and  secondary  ion  mass  spectroscopy  (SIMS)  data  show 
that  the  crystal  surface  condition  (surface  encapsulant  and  Asa  pressure) 
strongly  influences  Al-Ga  interdiffusion.  For  a  clearly  defined  Al-Ga 
interdiffusion  regime  we  have  measured  the  activation  energy  for  Al-Ga 

interchange  i_q  ) ,  thereby  labeling  this  regime.  By  employing  three 

single-well  QWHs  that  differ  only  in  the  QW  location,  we  further  demon¬ 
strate  that  Al-Ga  interchange  is  enhanced  by  re-equilibration  of  depth- 
dependent  native  defect  concentrations  involving  the  crystal  surface.  In 
contrast  PL  and  TEM  measurements  of  annealed  Al^Ga^.^As-GaAs  SLs  show  that 
Al-Ga  interdiffusion  is  relatively  depth- independent .  Finally,  we  have 
investigated  the  effect  of  crystal  growth  parameters  (Fermi-level  and 

V/III  gas  ratio)  on  the  Al-Ga  interchange  mechanism. 

2 .  EXPERIMENTAL  RESULTS 
2.1  Activation  Energy 

To  the  extent  that  the  activation  energy  varies  with  growth  parameters  and 
experimentally  determined  annealing-conditions  values  of  E.._g  can  ulti¬ 
mately  be  used  to  label  interdiffusion  regimes.  Consequently,  the  magni¬ 
tude  of  will  provide  insight  to  the  atomic  mechanisms  responsible 

for  Al-Ga  interchange.  A  review  of  available  Al-Ga  interdiffusion  data 
(Figure  1)  reveals  considerable  disagreement  in  reported  values  of 
®A1-Ga'  Some  significant  trends  emerge  after  correcting  these  data  for 
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ABSTRACT:  We  recently  demonstrated  pulsed  room  temperature  diode  laser 

operation  at  625  nm  in  OMVPE-grown  single-quantum-well  heterostructures. 
Improved  device  performance  has  now  been  achieved  with  multi -quantum- 
well  graded-index  separate-confinement  heterostructures.  The  best  laser 
diodes  have  operated  CW  at  room  temperature  at  wavelengths  less  than  640 
nm  with  threshold  current  densities  as  low  as  3.7  kA/cm^.  The  growth, 
structure,  and  operating  characteristics  of  these  multi -quantum-well 
devices  will  be  described. 


1.  INTRODUCTION 

Interest  in  short-wavelength  semiconductor  lasers  has  grown  considerably  in 
recent  years  with  the  progress  that  has  been  made  in  the  AlGalnP  alloy 
system  (Bour  et  al,  1987,  Fujii  et  al,  1987,  Ikeda  et  1987,  and 

Ishikawa  et  al ,T987T.  Already,  doublT  lieterostructure  lasers  using  a 
GalnP  acTTve  layer  operating  in  the  670-680  nm  wavelength  range  are 

becoming  commercially  available.  Shorter  wavelength  operation  is 
desirable,  however,  for  such  applications  as  bar-code  scanners,  laser 
printers,  and  high-density  optical  storage  media.  In  order  to  achieve 
lasing  wavelengths  much  below  650  nm  at  room  temperature,  it  is  necessary 
to  use  an  AlGalnP  active  layer  in  the  device  structure.  Kawata  et  al 
(1987)  described  room  temperature  CW  lasing  at  640  nm  with  a  iJubl? 
heterostructure  using  an  AlGalnP  active  region,  and  even  shorter  wavelength 
operation  has  been  achieved  in  pulsed  mode  and  at  reduced  temperatures  (Nam 
1988,  Kuo  et  al,  1988,  and  Kawata  et  al,  1986).  We  now  report  the 
room  temperature  cy”operation  of  AlGalnT^lasers  using  multi -quantum-wells 
in  a  graded-index  separate-confinement  heterostructure  (GRINSCH).  Lasing 
at  wavelengths  less  than  640  nm  has  been  achieved  with  threshold  current 

densities  of  3.7  kA/cm^  or  below,  the  lowest  reported  to  date.  Although 

several  different  device  structures  have  been  grown,  including  conventional 
double  heterostructures  and  single-^juahtum-wells,  the  four-wel 1 -structure 
described  here  has  been  found  to  perform  the  best  at  this  time. 
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OBSERVATION  OP  PHONON-ASSISTED  LASER  OPERATION  OF  Alj^Caj.^^As-GaAs 
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Data  are  presented  showing  that  the  key  to  observing  the  phonon- assisted 
photopumped  laser  operation  of  narrow  rectangular  samples  of  Al^Ga^_^As-GaAs 
quantum  well  heterostructures  (QWH's)  is  the  control  of  the  edge-to-edge 
resonator  Q  across  the  sample.  If  the  sample  is  heat  sunk  in  metal,  with 
metal  reflectors  folded  upward  along  the  edges,  the  resonator  Q  across  the 
sample  is  high,  and  laser  operation  across  the  sample  on  confined-particle 
states  (a  reference)  and  along  the  sample  a  phonon  lower  in  energy  ** 

is  observed.  If  the  sample  edges  across  the  sample  are  left  uncoated  (weakly 
reflecting,  low  Q) ,  laser  operation  is  observed  only  along  the  sample 
(longitudinal  modes)  but  shifted  (^  *  *^4.0^  below  the  confined-particle 
states  and  absorption.  A  QHH  rectangle,  with  proper  heat  sinking  and  control 
of  its  edge-to-edge  resonator  Q,  can  act  as  a  hot  phonon  "spectrometer"  if  it 
is  fully  photopumped  across  its  width  and  is  only  partially  pumped  along  its 
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LASERS  BY  DIFFUSION  OF  SILICON  AND  OXYGEN  FROM  Al-REDUCED  Si02 
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Abstract 

We  describe  a  convenient  method  utilizing  chemical  reduction  of  Si02  by 
A1  (from  generate  Si  and  0  for  impurity-induced  layer 

disordering  (IILD)  of  Al^Gaj^^^As-GaAs  quantum  well  heterosCructures  (QWHs). 
Experimental  data  show  that  Si-0  diffusion  (from  Si02)  is  an  effective  source 
of  Si  for  Si-IILD  and  of  0  that  compensates  the  Si  donor,  thus  resulting  in 
higher  resistivity  layer-disordered  crystal.  The  usefulness  of  the  Si-O  IILD 
source  for  fabricating  low  threshold  disorder-defined  buried  heterostructure 
Alj^Gsi-xAs-GaAs  QWH  lasers  is  demonstrated. 


